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As naturally occurring chiral materials demonstrate limited circularly 
dichroic contrast, enhancement of these polarization dependent signals has been 
the focus of chiral metamaterial research. By manipulating the geometric chirality 
of resonant plasmonic nanostructures and utilizing the state of the art in 
metamaterial design, we are capable of creating sophisticated chiral structures with 
enormous optical activity and chiral-selective light confining ability. Here, a set of 
chiral nanoarcs demonstrates a transmission contrast of 0.5 between left and right 
circular polarizations and a 20× contrast between second harmonic responses from 
the two incident polarizations; nonlinear and linear imaging is provided. In a later 
set of experiments, these chiral nanoarcs are opened up to place emitters in the 
most light-confining and chirally sensitive regions of the meta-structure. Tested 
with an ultra-fast laser, the resulting two-photon emission profiles under circularly 
polarized excitation display mirrored symmetry for the two enantiomeric, nanoarcs. 
The profile of the nonlinear signal correlates to the chiral resonance in the linear 
regime. The nonlinear emission signal is enhanced by 40× that of the emitters not 
embedded in the metamaterial and displays a 3× contrast for the opposite circular 
xvii 
 
polarization. These results expose new methods for the enhancement of chiral signal 
contrast and extraction.  
Chiral metamaterials, in particular, offer immediate distinction between left 
and right circular polarizations, prompting an ideal starting place for active 
switching efforts – a central thrust of active metamaterial research. By exposing a 
chiral metamaterial to a change in 15 mW of power beyond the structure’s linear 
optical regime, the two absorptive resonances belonging to the chiral meta-
structure are spectrally shifted by 10 nm. These results demonstrate the strongest 
nonlinear optical rotation to date, a value 106 stronger than the most recent 
studies. The research presented herein, leverages the higher order components of 
the electric susceptibility tensor to yield large optically active responses and 
nonlinear phenomena. The last project of this thesis designs a chiral metamaterial 
mirror, which has the unique property of maintaining the spin state of a circularly 
polarized wave upon reflection from its surface. Chiral meta-mirrors, exhibiting 
large chiroptical responses and spin-selective near field enhancement, promise 








Optics has undergone many progressions. In their earliest forms lenses were 
utilized by the ancient Egyptians as decorative ornaments, magnifying glasses and 
for telescopy, to zoom into the distance to see their enemies at war and the stars 
beyond the clouds. In time optics took on more sophisticated shapes in order to 
zoom into our proximity to see microorganisms, cells, smaller. Optics in all these 
cases is a tool for detection, when we turn on a light, a source, it is ignited that 
illuminates a space through which we can detect that light. In its most basic sense 
light is a tool through which we gain information via illumination and detection. 
Eventually, light became a tool for information processing. In this transition, we 
learned to manufacture photonic crystals – a method to manipulate light with 
structures that have dimensions on the same order of magnitude of the wavelength 
of the light. In order, to bend light even further into directions not predicted by 
classical optics, light had to be manipulated with unit cells not so small that they 
were individually undetectable to a single wavelength, like an atom, but not so 
large that they would be limited by classical geometric optics. The space in-between 
xix 
 
is left to a field called metamaterials, a class of material that hybridizes metal and 
dielectric components in an architectural manner to manipulate the propagation of 
light in methods beyond what was perceived in the realm of classical optics. The 
recent birth of optical metamaterials has paved the way for technologies such as 
negative refraction, ultrafast optical data processing and even the possibility of 
invisibility. The exotic features of these materials have enticed researchers to steer 
their focus into the domain of metamaterials. An all-encompassing resource on 
metamaterials was published by Dr. Wenshan Cai & Dr. Vladimir Shalaev and is 
capable of bringing scientists up to par with the field.[1]  
A few years back a perspective piece was released by another one of the 
prominent researchers in the field, Dr. Nikolay Zheludev.[2] The article provided a 
broad genre of research topics that had been and needed to be studied within the 
field of metamaterials. The article was a great guide for young metamaterial 
scientists, but as Dr. Zheludev described was only a small subset of the vast 
research left to accomplish within the field. While Dr. Zheludev’s guide remains an 
outstanding resource to return to when trying to piece the future of the field 
together, the outline still remains only a poster board for the hot topics of the field. 
However, the true potential that lies within metamaterial structures can only be 
extracted upon the integration of many of these fields.  
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Just as metamaterials intertwine two types of fundamentally different 
materials, the future of research relies on the entanglement of unexpected fields. 
In this thesis, theoretical and experimental results are presented on the intersection 
of chiral and nonlinear metamaterials. Chirality is a property that can be 
structurally engineered to affect a material’s electromagnetic parameters. In the 
context of this research, the subject of nonlinearity utilizes a fundamental high 
intensity beam and a material’s nonlinear refractive index or portion of its 
susceptibility tensor. The intersection of these two fields seeks to enhance the chiral 
features presented by these materials and to access new properties, enhance and 
extract existing properties, and analyze physical properties of the material. The 
second chapter of this thesis utilizes the chiral parameters of a twisted arc 
metamaterial structure in conjunction with a high powered nonlinear laser to 
produce a second harmonic signal. The emitted second harmonic signal 
demonstrates dependence on the type of circular irradiation, with spectroscopic 
characteristics nearly identical to that of its linear counterpart. The nonlinear 
response shows magnified contrast between the two opposing circular polarizations. 
A great deal of the information presented in chapter two can be found in the 
“Nonlinear imaging and spectroscopy of chiral metamaterials” as published in 
Advanced Materials.[3] The third chapter utilities circularly dependent hotspots 
xxi 
 
within a similar metamaterial structure to demonstrate enhanced luminescent 
properties. The extraction of this chiral property with such an intense enhancement 
will be crucial to the development of hybrid active-metamaterial structures. A large 
portion of the information presented in chapter three can be found in the journal 
article “Metamaterials enable chiral-selective two-photon luminescence from 
quantum emitters,” as published in Advanced Materials.[4]  The information 
presented in chapters 3 and 4 were reproduced with permission from Wiley 
Publishing Group. The information presented in chapter 5 was originally published 
under a creative commons license with Nature Publishing Group.[5] The 
information presented in chapter 6 was reproduced with permission from the 
American Chemical Society.[6]  
A great deal of my time at the Georgia Institute of Technology went beyond 
the lab and often into the classroom. I highly value education. I also believe that 
the diversification of leadership is essential to a healthy and prosperous nation that 
succeeds without stratification and oppression of a certain people. As such, I 
dedicated a great deal of my time working to locally address these challenges in 
the community surrounding Georgia Tech and the broader Atlanta area. This led 
me to work with the GoSTEM foundation at Georgia Tech, which has now become 
part of the broader CEISMC and CETL (Center for Teaching and Learning) 
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departments at Georgia Tech.  I was awarded the GoSTEM fellowship to teach 
and run an engineering club once a week at a high school in Norcross, GA. Later I 
went on to teach for a 3-week program through the Center for Engineering 
Education and Diversity. My efforts at the school as well as my efforts on campus 
in a variety of domains landed me the “Outstanding service to Georgia’s 
Community Award.” I later applied to a grant to one of the international optical 
societies known as SPIE, to put on an optics outreach grant known as “Day of 






Symmetry is a property which describes a state in which the transpose of 
an object is equal to itself. When the composition of the object and its 
connectedness is equivalent, but the system still lacks this symmetric quality, the 
material is known to be chiral. The property of chirality can be used to delineate 
the parity of left and right handedness, though it is not synonymous with 
handedness. A chiral structure can be identified by acknowledging that its mirror 
image can never be superposed onto itself.[7] The structures look visually similar, 
but they are unique and complementary to each other. The original unit structure 
and its non-superposable are said to be enantiomers. Another term for enantiomers 
is optical isomers and falls under the more general term known as stereoisomers. 
Just like our hands are chiral structures, organic compounds on the molecular level 
often exhibit the property of chirality if their structure lacks a point of inversion 
symmetry (a stereocenter), though this is not a necessary criterion.[8]  In the realm 
of optics, if the structure harbors a subunit that is of a light absorbing nature, the 
incident light will be transmitted in an asymmetric manner. More specifically, if 
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the absorbing groups within the molecule or structure are arranged in a 
geometrically chiral manner, the far-field transmission when subjected to either 
circular polarization of opposite handedness will demonstrate chiroptical properties 
known as circular dichroism, CD, and if subjected to a linear polarization, optical 
rotatory dispersion, ORD.[7, 9] While CD describes the asymmetric absorption of 
left (LCP) and right (RCP) circularly polarized waves, ORD describes the 
polarization rotating ability of a material both over a range of wavelengths. 
𝐶𝐷 = 𝑇𝑅𝐶𝑃 − 𝑇𝐿𝐶𝑃 
ORD can be converted to CD through the Kramers-Kronig relations. The 
direction of rotation is known as either a dextro- or levo- rotation and identifies 
whether the enantiomer is dextrorotatory, thereby creating right circularly 
polarized light, or levorotatory, thereby creating left circularly polarized light when 
viewed from the detector. Because the chiral object responds differently to the two 
opposite circular polarizations, which is seen in the different transmission spectra, 
refractive indices associated with the two polarizations can be used to describe 
their individual responses. This was first demonstrated by Fresnel in 1825.[7]  The 
classic, optical definition for the orientation of circular polarizations is utilized in 
this thesis. Here, right circular polarization is seen as clockwise as it propagates 
towards and is viewed from the detector. Respectively, left circular polarization is 
seen as rotating counterclockwise as it is viewed from the detector.  
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Chirality is a useful tool for identification and quantification of chemical 
species. The manipulation of light by a chiral structure as described above provides 
an identifier through which to classify that material. By measuring the amount or 
type of rotation experienced by the light, values of enantiomer concentration can 
be reached, making chirality a useful tool in industrial and biological applications 
to identify compounds or measure concentrations.[7] In the past, optical rotation 
was the go-to measurement for describing the chiral-strength of a molecule, 
however as technology progressed the photo-elastic modulator has consumed the 
modern market, allowing measurements of ellipticity and circular dichroism to 
become more common. There are a few reasons behind this, but a common issue is 
that rotational measurements of linearly polarized light can overlap, for instance if 
the material provides greater than a 180 rotation of polarization it is difficult to 
distinguish if the rotation is 𝛼 or 𝛼 + 𝑛 × 180, where n is an integer. While in 
natural organic molecules, optical rotation which is typically measured via 
ellipticity provides values on the level of millidegrees [10] at the sodium D-line 
(𝜆=588, 589 nm), chiral metamaterials can provide values that exceed organic 
media by 100×.[11] The chirality of an organic molecule is often described by its 
specific optical rotatory power also known as specific rotation [𝛼]𝜆





1.2 M easuring Chirality  
CD measures the electronic transitions that absorb light differently in molecules. 
Circular dichroism at its base is the difference in absorption of left and right 
circularly polarized waves as they pass through a chiral material. In terms of 
molecules, the absorption, which is related to the electronic transition of electrons 
from one state to another, is hard to detect in a mostly transparent solutions of 
molecules. For the purpose of this these, the scattering and reflection of the chiral 
metamaterial structures will be rather small and thus the circular dichroism can 
be regulated to the difference in transmission of left and right circularly polarized 
waves through the materials. Classically, we can define the changes in circular 
dichroism for weak responses in terms of the Eulerian absorption. More on this can 
be found in the book chapter “Measurement of circular dichroism of electronic 
transitions.”[12] First we must write intensities for circularly polarized waves 
passing through a medium.  
 𝐼𝐿 = 𝐼0𝑒
−𝑎𝐿 , 𝐼𝑅 = 𝐼0𝑒
−𝑎𝑅 , 𝐼𝑎𝑣𝑔 =
𝐼𝐿+𝐼𝑅
2
, Δ𝐼𝐶𝐷 = 𝐼𝑅 − 𝐼𝐿  (1.1) 
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Here, 𝐼𝐿 and 𝐼𝑅 which are the intensities of a left and right circularly polarized 
wave transmitted through a material. We can now define CD in terms of the 
Eulerian CD. CD. The definition of the Eulerian CD is then.  
 Δ𝑎𝐶𝐷 ≡ 𝑎𝑅 − 𝑎𝐿 , 𝑎 =
𝑎𝐿+𝑎𝑅
2
   (1.2) 
 
here the formal conditions through which chiral molecules are measured will be 
discussed. In these cases CD is often reported in terms of ellipticity. 
 
Figure 1.1: [Left] Superposition of a left and right circularly polarized wave to 
form a vertically polarized wave. [Right]. Depiction of an elliptically polarized 
electric field. 𝛼 is the optical rotation dispersion, 𝜃 is the ellipticity.  
 
Ellipticity, depicted as 𝜃 in Figure 1.1, is defined as the angle that is 
retrieved from the tangent of the ratio of the semi-major and semi-minor axes of 
the electric field of a wave. As previously noted, circular dichroism is the difference 
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in transmission between left and right circularly polarized waves. We can then 
consider a linearly polarized wave as the superposition of both a left and right 
circularly polarized wave. As such, the polarization of a linearly polarized wave 
transmitted through a chiral medium will then become partially elliptical at 
wavelengths where the structure is chiral, due to the differential in absorption 
between the two circularly polarized waves. The reduction in the magnitude of the 
electric field vectors is also witnessed. The orientation of the ellipse in terms of the 
angle from the input polarization is known as optical rotatory dispersion (ORD). 
The elliptical shape of the wave can be measured using a polarizer, however this is 
recoded in terms of intensity. The relation between the electric field and the 
intensity of the measured beam can be roughly approximated as 𝐼~|𝐸|2, but can 


















































Here 𝜃 can be approximated as tan(𝜃) = 𝜃 for small angles, which is typically 
common for chiral organic molecules.  
Note Eulerian units are used here in contrast to decadic units: 
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 𝐼 = 𝐼010
−𝐴 𝑣𝑠 𝐼 = 𝐼0𝑒
−𝑎  (1.4) 
 𝐴 = log
𝐼0
𝐼
 𝑣𝑠 𝑎 = ln
𝐼0
𝐼
  (1.5) 
Thus to convert  
 𝑎 = 𝐴 ln 10 = 𝐴 2.303  (1.6) 
 
1.3 Chirality in Nature 
 
Figure 1.2: Chrysina Gloriousa On the left under an LCP analyzer and on the 
right under an RCP analyzer. 
As previously discussed, chirality is found at the basis of organic structures 
and nature utilizes it to great lengths in biochemistry in order to achieve a wide 
variety of effects. In some cases the rotation of a single bond can lead to 
configurational isomerism, meaning that the chemical composition is identical, 
however its configuration is slightly shifted to form a different molecule. In 
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biochemistry this can have huge effects, for instance the rotation of a single bond 
can change l-glucose to d-glucose. The l-isomer can only be synthesized in a 
laboratory, and cannot be use an energy source for living organisms. Simple 
enantiomers have enough dissimilarity such that their difference propagates in the 
overall structure of the complex macromolecule, potentially achieving a massive 
net effect simply due to the handedness of the molecule. This feature of chirality 
on the molecular level provides optical fingerprints. When passing light through 
these chiral objects we are capable of identifying the difference between the two 
possible structures. However, in nature chiroptical properties are extremely weak. 
For instance, chirality manifested in the form of optical rotatory dispersion is often 
used to measure the concentration of a sugar solution. However to accurately 
quantify this type of rotation from organic molecules, either a large concentration 
is required in a small cuvette or if you are measuring concentration a large cuvette 
length of 10 cm is required.  
Few organisms are thought to demonstrate circularly polarized dependence 
however the list is consistently growing. For example, the mantis shrimp can 
produce circular polarizations with its tail and detect the circular polarizations 
with certain segments of its compound eye. Meanwhile other organisms are 
currently only known to ‘generate’ circular polarizations such as the Chrysina 
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genus of beetles that reflects one circular polarization, but not the other.[13] Figure 
1.2 presents this organism’s unique feature. The broadband circular reflectance 
produced by some beetles like the Chrysina aurigans[14] is much like that of a 
liquid crystal, with the planes of the crystal oriented in a helical fashion. The 
portion of the exoskeleton that provides the green and brown contrast when 
analyzed for the two opposite polarizations is said to be cholesteric in nature.[15] 
However, the application of chirality in biochemical studies is not limited to 
the conventional, linear regime. In fact, the realm of biological characterization 
employs the second-order susceptibility tensor of some biotic matter such as 
collagen and striated tissues to investigate their structure, shape, deformation and 
orientation.[16-18] The chiral selectivity of a biological sample’s second harmonic 
response is typically orders of magnitude larger than its counterpart in the linear 
regime; however the nonlinear response can only be activated in materials that are 
chiral or non-centrosymmetric. Thus, chiral materials are naturally suited for 
second-order nonlinear interactions because all chiral structures are intrinsically 
non-centrosymmetric and therefore possess non-vanishing values of the second 
order susceptibility χ(2). For this reason, chiral second harmonic generation (SHG) 
has been utilized as a powerful tool for probing the structure of interfaces, organic 
tissues, and biochemical agents.[11, 19-22]   
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1.4  Chirality in M etamaterials  
 Despite the aforementioned applications, chiral responses from naturally 
occurring materials are generally very weak, thereby prompting the development 
of artificially structured optical media with unusually strong chirality. [9] The past 
few years have witnessed an explosive development of chiral optical metamaterials 
that exhibit circular dichroism and optical rotation orders of magnitude larger than 
conventional materials.[23-32] Figure 1.3 shows a series of chiral structures that 
have contributed to the realm of chiral metamaterials. A sufficiently strong chiral 
effect in metamaterials can also lead to intriguing phenomena such as negative 
refraction[33, 34] as well as important applications including circular polarizers,[35] 
beam splitters,[36] and biochemical sensors.[10] A couple good review papers can 




Figure 1.3:  Chiral metamaterial structures from the literature. a) Structure 
used for chiral switching [38] b) Simple bar structure for theoretical modeling  
[24] c) Stacked chiral bars for a broadband effect[28] d) Helical meta-atoms for 
continuous modification of the circular polarization as the wave passes through 
the material [35]  e) Self-assembled monolayers for industrial grade chiral 
responses[39]  f) Split ring resonator used as one of the first chiral demonstrations 
[40] g) twisted cross was used to create heightened chiral, nonlinear responses  
[41] h) Self assembled coblock polymers filled with metal to create a 3D mesh[42]  
 It should be noted that it is the spatial distribution of the excited states of 
the species or structure that causes circular dichroism. As the light passes through 
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the structure, the unit must contain absorbing components along the direction of 
propagation of the incident light. At first many metamaterial papers relied on 
angular incidence of flat two dimensional structures in order to generate chiral 
responses.[43-45] These resonances were achieved by sculpting the 3D electric field 
by using the 2D metamaterial at an angled incidence. Over time, the field 
recognized that overlapping structures along the propagation direction of light was 
truly necessary, thus creating structures that could manipulate the light as the 
light passed through the structure at normal incidence.[24, 25, 28, 46] Applying 
light at normal incidence, also helps to remove potential artifacts in measurements 
such as anisotropy.[29] 
 
Figure 1.4: Chiral properties of a twisted nanoarc pair in the infrared. (a) 
Measured transmission spectra of LCP (blue) and RCP (red) light waves at 
normal incidence. (b) Ellipticity η of transmitted light obtained from experiments 
(purple) and simulations (orange). The twisted arc metamaterial structure at 
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longer wavelengths displays the cotton effect.[47]  Reproduced with permission 
from Nano Letters. 
 Utilizing these concepts, our group designed its first chiral metamaterial. 
The published research describes a pair of arcs twisted in the z-direction that 
demonstrates large circular dichroism and optical rotation in the infrared 
regime.[18]  Figure 1.4 provides some of the crucial findings of the papers and 
illustrates for us the twisted arc structure. The 3D structure of the chiral metal 
arcs are capable of producing a chiral response at normal incidence. The chiral 
nature of the structure is demonstrated by the cotton effect, which describes the 
coincidence of optical rotatory dispersion and the circular dichroism at the same 
spectral location.[7] This effect is witnessed in Figure 1.4 where the elliptical 
maximum, circular dichroism maximum and the optical rotatory dispersion 
inflection point occur at roughly the same wavelength of 1.35µm. The results from 
this twisted arc structure become a crucial starting point for my own research, 
which is presented in Chapter 2.  
 Chirality has opportunities to pour its properties into a wide range of optical 
methodologies, techniques and applications. The next subsection will discuss the 
origin of chirality in metamaterials. The following subsections will describe how 
chiral metamaterials are being used to achieve unexpected optical phenomena, or 
14 
 
achieve optical traits of structures using chiral materials. The future of chirality in 
artificial structures will require the manipulation of the chiral signals, whether it’s 
with reconfigurable materials, voltage biasing, or optical pump-probe techniques. 
1.4.1 Origin of Chirality in M etamaterials 
 With regards to chemical species, the origin of the circular dichroic behavior 
can be traced back to a section of the chiral molecule known as a chromophore, 
which absorbs the impinging light. The chromophore or chromophores within the 
molecule absorb the light and stabilize the excited state along the rest of the 
structure. This same property can also explain how chiral metamaterials achieve 
their circular dichroic properties. In this case, however, the absorption of light is 
typically due to a resonance feature within the material. The theoretical 
understanding behind the absorptive resonance of these metamaterial structures 
can be described by the Born-Kuhn model. This model, as an offshoot to the Drude-
Lorentz model, utilizes two charged particles that are coupled to each other. 
Depending on the resonance of the coupled particles, one can imagine how a linearly 
polarized beam passing through these charged particles, might rotate the incident 
wave.[24, 48] As described by Rogacheva and Yin, the coupling of the particles 
leads to two excited states, one called the bonding and the other the antibonding 
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state, each with their own distinct energy levels. The excited state corresponds to 
the increased absorption witnessed during a circular dichroism measurement.  
1.4.2  Negative Refraction 
 What first brought chiral structures their spotlight in the metamaterial 
research field was their ability to create negative refraction. Achieving a negative 
refractive index implies that both the electric permittivity and the magnetic 
permeability of a given material must both be negative. This was one of the first 
goals of metamaterials, as negative refractive materials are not found in nature. 
Although 2D split ring resonators were the primary structure to enable and 
demonstrate this property[49], it was later realized that chiral structures could 
provide an alternative route to generating negative refraction. To date, this subset 
of chiral metamaterials has been prolifically researched and chiral metamaterials 
with negative refraction have been demonstrated in the optical[50], terahertz[34] 
and microwave regimes[48, 51]. 
1.4.3  Giant Chiral Signals 
 It was quickly realized that the effects of chiral metamaterials could be 
significantly enhanced and used to create giant chiral properties. The two 
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quantities measured that distinguish the highly chiral effects of metamaterials are 
circular dichroism and optical rotation. The progression from planar structures 
with large unit cells to bilayered structures with slight twists in the two layers to 
using fully isotropic materials has made an enormous increase in the effect of the 
signals. To achieve high circular dichroic responses it is essential to manipulate the 
unit cell structure in the direction relative to the propagation of incident light. 
This k-direction manipulation provides the light absorbing necessary as the 
circularly polarized wave passes through the material. Knowing the pitch of the 
impinging wave, the spacing between bi-layered or multi-layered structures and 
the angle of twist induced in each plane of the structure is absolutely essential to 
creating the ideal chiral metamaterial. If a chiral metamaterial structure is not 3D, 
it is highly likely that the chiroptical signal will experience significant phase 
anisotropy. One method to measure such anisotropy is discussed here,[52] but can 
also be calculated through the ellipticity of the structure as described here.[47]  
 Fabrication of such chiral structures can be achieved in a multitude of ways, 
many of these methods can be seen in Figure 1.3. For instance, Figure 1.3h uses 
polymer scaffolding to create 3D metamaterial structures. In addition, Figure 1.3d 
utilized laser ablation to create helical metamaterials in the infrared. In an attempt 
to produce these large chiral effects on an industrial level one group has used self-
17 
 
assembled micron-sized spheres in conjunction with glanced angle deposition to 
create a 3D chiral effect, as seen in Figure 1.3e. Chiral photonic metamaterials, 
nanoscale-engineered metal-dielectric materials, provide distinctions of optical 
chiral responses that surpass naturally occurring materials by many orders of 
magnitude.[23, 25, 28, 29, 31, 35, 41, 47, 53-56]  Their applications offer potential 
for enhanced enantioselectivity in the biological[10], industrial[57] and photonic 
industries.[33, 58] 
1.4.4 Extreme Signal Properties  
 Chiral metamaterials have been utilized to achieve several other properties 
that are limited to that of meta-structured materials. For instance, metamaterials 
are capable of obtaining strong resonances. When the materials are engineered in 
a certain fashion, they can create perfect absorption over a certain wavelength 
range.[59] This perfect absorption technique shows strong promise for future radar 
technologies.  
 Chiral mirrors are an interesting topic that has surfaced earlier this year 
(2015). To understand chiral mirrors first we must understand how a normal mirror 
interacts with circularly polarized light. For instance, when light is incident on the 
surface of a silver mirror, which is highly reflective for both TE & TM polarization 
in the visible regime, the electromagnetic waves simply inverts its propagation 
direction, thereby inverting LCP light to RCP light. This can be further 
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understood by looking at Jones calculus for a normally incident circular polarized 
wave on a perfect mirror. With the use of chiral metamaterials however, LCP light 
incident on the chiral surface can be maintained as LCP light as it is reflected at 
normal incidence. Other potential features of chiral mirrors include perfect 
absorption. For instance, these structures could near perfectly reflect one of the 
two circular polarizations while absorbing the other. Similar features can be 
achieved in cholesteric liquid crystals[60] or with oriented thin polymer films. A 
typical property of chiral mirrors is to either absorb at a specific wavelength for 
one circular polarization while reflecting a broadband spectrum for the other. 
However, it has been show that it is possible to reflect one spectrum over a 
broadband spectrum while absorbing the other.  
 The last extreme property to be mentioned here is that of super chiral fields 
in chiral plasmonic structures. The helical pitch of the circularly polarized 
illumination can be compressed such that its pitch matches that of a material’s 
twist, thusly creating a superchiral field.[61]  
1.4.5 Chirality for Biosensing 
 Perhaps the holy grail of chiral metamaterials at one point was to achieve 
the ability to place a chiral molecule in the presence of a metamaterial structure 
and enhance the field to such a degree that any molecule could be detected with 
its own chiral footprint. While one paper has shown progress towards this goal [10], 
the ability to sense chiral signals with chiral metamaterials appears to be a feat 
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still left to accomplish. A great deal of research regarding single atom sensing was 
immediately published at the surge of nano-plasmonic materials in the early 2000’s, 
however the majority of these works don’t focus on enhancing chiral signals[62-64] 
and the one’s that do, struggle with extracting the pertinent chiral sensitive 
information. In addition, chiral nanoparticles on the level of <5nm also show chiral 
features themselves as they cannot obtain their full bulk properties, thus 
complicating the distinction between the two.[29]  
1.4.6  Nonlinear Optical Activity 
 In a similar vein to switchable chirality, nonlinear optical activity is a 
process by which nonlinear dampening in the sample either through thermal or 
electrical sources, causes the chiral distinction provided by the material to fade. 
To achieve this degradation of the chiral response, a high intensity beam is incident 
on the sample. The appearance of this effect was first observed in 1965, in a piece 
of uranium doped glass, which then lead to a series of very meticulous research 
papers. The most recent contribution to the field was released within the past 4 
years, but nearly 20 since any previous research. The most recent task utilized a 
2D metamaterial at angled incidence to generate decreased absorption at higher 




1.4.7 Filing the Gap 
 In order to push the ability of chiral metamaterials further, this thesis 
investigates how chiral metamaterials will react under nonlinear excitation 
conditions. An initial focus on enhancing signals from chiral media was determined. 
By first modifying the design provided by Cui et.al in the infrared regime a chiral 
metamaterial in the visible regime was created. The material composed of two 
bilayered, nano-arcs showed outstanding visible responses.  
 To further the contrast between the chiral responses, nonlinear enhancement 
of the signals was targeted. As mentioned earlier, a small set of research has been 
demonstrated on nonlinear signal generation or wave mixing in chiral 
metamaterials. Of the existing sources, many showed extreme hot spots or low 
nonlinear circular dichroic results. For this reason, experimental research was 
provided by utilizing the same nanoarcs mentioned to enhance the linear response 
in the visible regime.  
 A second initiative was to find a way to extract this enhanced nonlinear 
effect. As will be seen, simulations of the chiral arc in the linear regime demonstrate 
hot spots within the dielectric material surrounding the silver nano-arcs. As these 
hot spots appear at resonantly circular dichroic locations, there exists potential to 
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extract this enhanced contrast. The initiative of this work was to utilize quantum 
emitters, or quantum dots, to absorb this intensified signal and extract it through 
an emission signal. This method goes beyond the typical reflection, transmission, 
absorption measurements used in chiral metamaterial research. The extracted 




Pertinent Nonlinear Optics  
The intent of this chapter is to start a discussion surveying a collective 
knowledge across fields on the nonlinear optical responses induced by chiral 
asymmetry. Through this we can investigate not only how to build artificial media 
with stronger nonlinear optical responses, but to better utilize the properties of 
naturally occurring media to our advantages. This chapter while it remains in 
infant stage, a future article will be released that looks to expand upon these topics. 
Here, the sections of this chapter will be segregated by nonlinear response, rather 
than the rational division by material. While this may cause for inherent 
redundancy, the goal of this chapter is to promote interdisciplinary study.  
To further explore this territory, a brief but generalized explanation of the 
equation of higher order waves will be given, but first we must start with the linear 
optical constants. The induced polarization of a beam incident on a material can 
be attributed to the linear susceptibility  
 𝑷 = 𝜖0𝝌
(1) ∙ 𝑬. (2.1)  
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The macroscopic polarization induced by light propagating through a medium is 
written as (1). Here 𝜖0 is the permittivity of free space, 𝝌 is the electric 
susceptibility tensor, and E is the electric field in tensor form. We note that (2.1) 
holds for the propagation of light in a linear manner, where the macroscopic 
polarization is proportional to the electric field. Where 𝝌1 is a tensor of rank 2 
containing 9 elements, all of which depend on the properties of the material. The 
direction of the incident electric field then interacts or activates dipoles within in 
the medium that can be then described by the susceptibility tensor. In terms of an 
isotropic medium, the direction of the incident wave is unimportant, as all incident 
directions will have the same response; thusly (2.1) can be substantially simplified. 
In the case of anisotropic medium, like a crystal or much like many (but not all) 
metamaterial structures, the direction of orientation of the wave and the medium 
is critical. Some basic tensors are:  
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2.1 Expansion of the Taylor Series 
Conditions: In the event that the field strength supersedes ~100 KV/m, the electric 
susceptibility manifests into a Taylor expansion, taking on second and third order 
forms. 
 𝝌(𝑬) = 𝝌(1) + 𝝌(2) ∙ 𝑬 + 𝝌(3) ∶ 𝑬𝑬  (2.3) 
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Substituting the new description of the electric susceptibility, which now shows 
dependence on the electric field, into equation (2.1), we now have a description of 
the polarization for the newly generated waves. Achieving powers upwards of ~100 
KV/m is more easily achievable today using femtosecond pulsed lasers. The pulsed 
laser system utilized in the Cai lab currently operates at an 80 GHz repetition rate, 
and a 100 fs pulse duration. The induced polarization of these higher order fields 
is characterized by the nonlinear susceptibility tensors  𝜒(2) and 𝜒(3) and is 
described by[66]:  
 𝑷 = 𝜖0(𝝌
(1) ∙ 𝑬 + 𝝌(2) ∶ 𝑬𝑬 + 𝝌(3) ⋮ 𝑬𝑬𝑬 + ⋯)  (2.4) 
If we assume all the quantities in equation (2.4) are real, we are forcing both the 
electric field and the induced polarization to be in phase with each other, essentially 
for them to be coherent. Moreover, assuming that the susceptibility is real, also 
causes the polarization to respond instantaneously on the electric field strength, 
thereby not being dependent on its past history. This assumption holds for many 
nonlinear processes in many materials, though every situation should be considered 
individually. Typical processes that respond on a sub-fs timescale include second 
harmonic generation (SHG), difference frequency generation (DFG), and sum 
frequency generation (SFG). In such a situation, where the field responds 
instantaneous, by definition, we must assume that the material is also 
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dispersionless my means of causality. Moreover, by virtue of Kleinman symmetry, 
the medium is often considered lossless. Unfortunately, as the results presented 
herein will show, these assumptions may not hold for the presented demonstrations, 
specifically that of the apparent dispersion of the nonlinear susceptibility. Finally, 
in order to produce second harmonic generation, there should generally be phase 
matching in crystals, which requires a significant propagation distance. As should 
be noted, our metamaterial structures are often no larger than 200 nm in the z-
direction. In such structures, it has been predicted that the main contribution is 
from effects known as surface-SHG. The second order nonlinear susceptibility is a 
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] (2.5) 
 Since, we’re specifically interested in second harmonic generation for much 
of the demonstrations in this thesis, a brief summary of the description of the 
nonlinear signal will be provided for an exemplary crystal. Similar to equation (5) 
we can write  
 𝑃𝑖 = 𝐸0 𝜒𝑖𝑗𝐸𝑗 + 2𝑑𝑖𝑗𝑘𝐸𝑗𝐸𝑘 + 4𝜒𝑖𝑗𝑘𝑙𝐸𝑗𝐸𝑘𝐸𝑙  (2.6) 
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where 𝜒𝑖𝑗 first order or linear susceptibility, 𝑑𝑖𝑗𝑘 is the second order nonlinear 
susceptibility, and 𝜒𝑖𝑗𝑘𝑙 is the third order nonlinear susceptibility. Note that the 
two electric fields can be in different directions, j and k, or collinear. The second 
term in the nonlinear polarization equation will provide us with the equation for 
the second harmonic wave.  
 𝑃𝑖 = 2𝑑𝑖𝑗𝑘𝐸𝑗𝐸𝑘  (2.7) 





𝑖𝜔𝑡 + 𝐸0 𝑒
−𝑖𝜔𝑡 }  (2.8) 
Then we can write  
 𝑃0𝑖
2𝜔 = 𝑑𝑖𝑗𝑘 𝐸0𝑗
𝜔  𝐸0𝑘
𝜔  or 𝑃0𝑖
𝜔1+𝜔2 = 𝑑𝑖𝑗𝑘 𝐸0𝑗
𝜔1  𝐸0𝑘
𝜔2 (2.9) 
Where the first equation of (2.9) represents the sum of two frequencies that are 
identical and the second where the sum of the two frequencies are different.  The 
first is second harmonic generation, while the second is sum frequency generation.   
The equation of the nonlinear frequency can then be written in tensor form. The 
nonlinear tensor is simplified to a 3x6 tensor, which comes from the three 
rectangular coordinate directions and the 6 the combinations of electric fields that 
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 For example, KDP, KH2DPO4, is a common nonlinear crystal with a 
4̅2𝑚 symmetry, leaving only 𝑑14 and 𝑑36. This gives us second harmonic 
frequencies generated by  
 𝑃𝑥
2𝜔 = 2 𝑑14𝐸0𝑦
𝜔  𝐸0𝑧
𝜔   and 𝑃𝑧
2𝜔 = 2 𝑑36𝐸0𝑥
𝜔  𝐸0𝑦
𝜔   (2.11) 
Here the second harmonic wave is emitted in the z-direction, while the incident 
electric field is  𝐸𝑧 =  0. To achieve efficient SHG, the angle of incidence of the 
incident wave relative to the crystal axes must be selected  for phase matching 
between 𝜔 and 2𝜔. [Military Laser Technology for Defense, McAulay]  
 While three-wave mixing is the most standard method to produce a second 
harmonic signal, a four wave mixing process also exists. If an external field is 
applied to a crystal the 𝜒(3) can be used to generate electric field induced second 
harmonic generation (EFISH). I refer the reader to the Conclusion chapter, where 
some resources are cited.  
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2.2 Chirality implies a lack of centrosymmetry  
The nonlinear counterparts of circular dichroism and optical rotation exhibit 
heightened responses compared to their linear versions. The more pronounced 
responses are due to the nature of chiral metamaterials. That is, chirality and 
second order responses share a similar trait: a lack of symmetry. Spatial symmetry 
or a lack there of can have an impact not only on linear electromagnetic effects, 
but also on their nonlinear counterparts. Centrosymmetry is a term that describes 
a point group. For instance, chiral point groups 1, 2, 3, 4, 6, 222, 422, 622, 32, 23, 
432 are also noncentrosymmetric point groups. A centrosymmetric material is one 
that holds a center of symmetry, this center of symmetry nullifies the second order 
susceptibility terms.[67] Therefore when a material is noncentrosymmetric, it can 
give rise to second order optical nonlinearities, if the required phase matching and 
pump energies are met. However, chirality and handedness should not be confused. 
Specifically, chirality refers a dissymmetry within a structure of which the structure 
cannot be superposed onto its mirror image. There are structures, both 2D and 3D 
that can demonstrate optical activity, yet retain a sense of mirror symmetry.[68] 
These structures are handed, but not chiral. Such structures are typically 
centrosymmetric and cannot easily achieve the nonlinear responses observed later 
in this thesis.   
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Axial chirality in molecules is much like the development of chirality in 
metamaterial structures. In this case, the molecule does not possess a stereocenter, 
but instead an axis of chirality. Here the molecules, much like the metamaterial 
structures retain an axis about which a set of substituents is held in a spatial 
arrangement that is not superposable on its mirror image.  
Within the second-order electric susceptibility tensor there is a possibility 
for chiral materials to have a term 𝜒𝑥𝑦𝑧 = −𝜒𝑦𝑥𝑧. This term is in part responsible 
for the intensified chiral responses seen in second harmonic generation-circular 
dichroism (SHG-CD). 
However, the nonlinear behavior of chiral metamaterials with intensity-
sensitive optical properties or wave mixing characteristics has, thus far, received 
rather scant attention. Of the previous nonlinear, chiral studies, the topics have 
focused on single meta-atom imaging and refinement of minor structural 
deformations that contribute to extreme hot spots.[46, 53, 69, 70] In addition, these 
studies apply SHG imaging to further understand metamaterial resonances and 
field enhancements in the chiral structures.  The limited but essential research in 
this field demonstrates that nonlinear, chiral metamaterials offer significant 
potential for three major reasons. First, just as SHG requires the disruption of 
symmetry in order to produce a non-centrosymmetric χ(2)  electromagnetic tensor, 
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a unit cell must not have a point of inversion symmetry in order to produce 
chirality. By disrupting the typical symmetry for the susceptibility tensor, the 
harmonic response is forced to rely on the handedness of the structure, thereby 
allowing for disambiguation of the two enantiomers in the nonlinear regime. 
Secondly, metamaterials consisting of metallic particles of subwavelength 
dimensions have pronounced optical resonances which magnify their SHG response. 
These optical responses spawn from the properties of the metallic nanoparticles, 
including localized surface plasmon resonances, lightning rod effects, and their high 
surface to volume ratio. A third reason to explore nonlinear responses for chiral 
metamaterials is that metals offer the perfect platform by which to induce surface-
second harmonic generation. This type of SHG is most strongly witnessed at 
interfaces where the symmetry of a material’s electromagnetic tensor χ(2) is 
disrupted due to the juxtaposition of another material at that interface. For these 
reasons, nonlinear responses in chiral metamaterials show enhanced contrast 
between oppositely circularly polarized waves. The study of nonlinear phenomena 
in chiral metamaterials is also in-line with the emerging field of nonlinear 
metamaterials, which promises exciting opportunities to create customized 




The addition of these advanced techniques has provided enhanced 
enantiomer selective microscopy and strengthened the identification of optically 
active structures, however the overall chiral distinctive properties of naturally 
occurring materials remain weak and are mostly limited to the ultraviolet 
spectrum. In this way, the realm of metamaterials provides the opportunity to 
build upon the existing platform of chiral handedness that nature has offered.   
2.3  Chiral, molecular, nonlinear optics  
Just as in crystals and metamaterials, the elicited dipoles in a material that 
is irradiated from a strong laser source will no longer behave linearly if pump 
powers exceed certain electronic behaviors in the material. In the case of a 
molecule, nonlinear optics occurs when the optical field strength becomes 
comparable to the field that binds the valence electrons to the nucleus of a 
molecule. For a general description of where molecular optical activity arises, see 
Fischer and Hache (2005).[22, 75-77] Briefly, the macroscopic optical activity is 
defined by the linear optical susceptibility, which is obtained from a combination 
of the electric dipole, magnetic dipole, and electric-quadrupole moments.  
The assumption for chiral second order processes is that the frequency 
conversion processes are coherent. As discussed earlier in this chapter, this 
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assumption allows us to simplify the nonlinear optical polarization to rely primarily 
on the instantaneous electric field. For the case of second-order nonlinear signal 
generation, we must only consider the quadratic term 𝜒(2)𝑬𝑬, while the first and 
third order terms can be eliminated as shown previously. Chiral sum-frequency 
generation is the only second order nonlinear optical process that can occur in a 
bulk liquid. In contrast, both second harmonic generation and sum-frequency 
generation can occur at a surface or interface. The reason behind this is that a bulk 
liquid of chiral molecules has a random, or isotropic, distribution of molecules 
throughout. This isotropic distribution destroys the macroscopic opportunity to 
produce second harmonic generation in such a medium. However, chiral monolayers 
have provided values of SHG-CD that reach 0.7.[21] SHG-CD is defined as Second 
Harmonic Generation Circular Dichroism and will be discussed at greater lengths 








2.4 Chiral Sum-Frequency Generation 
 In a simplistic view, sum-frequency generation is achievable due to the 
added asymmetry of the incident fields, in comparison to that of waves at the same 
frequency. As described previously, in order to resolve chirality, we must provide 
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a chiral medium to do so.  We can then describe the polarization for a sum-
frequency generated signal as 
  𝑷(𝜔1 + 𝜔2) = 𝜖0𝜒
(2)(𝜔1 + 𝜔2)𝑬(𝜔1)𝑬(𝜔2)  (2.12) 
Given that the system at hand is a liquid with molecules isotropically distributed, 
the average of this equation yields 
 𝑷(𝜔1 + 𝜔2) = 𝜖0𝜒
(2)(𝜔1 + 𝜔2)(𝑬(𝜔1) × 𝑬(𝜔2))  (2.13) 















β̅  (2.14) 
Here ?̅? is the average of the rotationally invariant and nonvanishing tensor 
components.[22, 78] In such an isotropic medium, the second order susceptibility 
𝜒(2) exists as a bulk physical property tensor, which is independent of the frame of 









(2)  ≡ 𝜒𝑐ℎ𝑖𝑟𝑎𝑙
(2)   (2.15) 
The value ?̅? is only nonzero for a chiral molecule and is of opposite sign for its 
enantiomer molecule. A pseudoscalar is a scalar that changes sign under parity. 
Here ?̅?, along with other chiral observables such as 𝐺′, 𝑔0 and 𝑔2 are all 
pseudoscalars. In comparison, to linear and nonlinear optical activity and as will 
be explored later, the second order averaged susceptibility, ?̅?, is dependent on the 
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electric-dipole approximation as assumed earlier under the assumption of 
coherence. For molecular species, the assumption is that there is no magnetic or 
electric-quadrupolar contributions.  
 The nonlinear susceptibility 𝜒𝑐ℎ𝑖𝑟𝑎𝑙
(2)  is resonalty enhanced if any one of the 
three frequencies of the 𝜔1, 𝜔2 and 𝜔𝑠 is resonant with a molecular transition, thus 
generating a chiral spectrum.  
For single resonances 𝜒𝑐ℎ𝑖𝑟𝑎𝑙






(2)    (2.16) 
𝐴𝑛, 𝜔𝑛, and Γ𝑛 represent amplitude, resonant frequency and damping constant at 
the nth transition, where 𝜒𝑐ℎ𝑖𝑟𝑎𝑙,𝑁𝑅
(2)  describes the nonresonant contribution. Chiral 
electronic and Chiral Vibration spectra can be obtained for chiral liquids with Sum 
frequency spectroscopic measurements.[79] 
An isotropic collection of left or right handed molecules does not possess a 
center of inversion symmetry (noncentrosymmetric). For this reason, chiral media 
possess a second order nonlinear optical response.   
Let’s compare equation of nonlinear responses with that of chiral responses. 
Given a beam with electric field strength represented as: 
 ?̃?(𝑡) = 𝐸 𝑒𝑖𝜔𝑡 + 𝑐. 𝑐.  (2.17) 
X2 being nonzero, A second harmonic response is written  
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 ?̃?2(𝑡) = 𝜖0𝜒
(2)?̃?2(𝑡) = 2𝜖0𝜒
(2)𝐸𝐸∗ + (𝜖0𝜒
(2)𝐸2𝑒−𝑖𝜔𝑡 + 𝑐. 𝑐. )  (2.18) 
We can’t generate a second harmonic response, because it’s isotropic. But we can 
create a SFG or DFG. So we get the following equation.  
 𝑃𝑖(𝜔𝜎) = 2𝜖0 ∑ 𝜒𝑖𝑗𝑘
(2)(𝜔𝜎 = 𝜔1 + 𝜔2)𝐸𝑗  𝐹𝑘𝑗𝑘   (2.19) 
Where Ej represents a field at 𝜔1 and Fk a field at omega2.  
2.5 Intensity Dependent Refractive Index  
This section looks to briefly consider the fundamental aspects of how the refractive 
index can be modified by input intensity. For a more complete description and 
phenomena that result from this interaction, such as self-focusing, optical phase 
conjugation, optical bistability, optical switching, pulse propagation and more see 
Boyd 2008, Chapters 4 and 7.[67]  
 In order to nonlinearly affect a wave and still maintain a frequency ω, we 
must realize that the equation of such a wave interacts with its nonlinear 
susceptibility such that 𝑃𝑁𝐿(𝜔) = 𝑃𝑁𝐿(𝜔 = 𝜔 + 𝜔 − 𝜔), thereby implying that the 
interaction is a third order effect and we can write the polarization as  
  𝑃𝑁𝐿(𝜔) = 3𝜖0𝜒
(3)(𝜔) |𝐸(𝜔)|2 𝐸(𝜔) (2.20) 
This holds under the condition that the incident light is linearly polarized. In 
addition, we are concerned with the total emitted polarized wave. For the purpose 
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of a later chapter in this thesis, we will first look at the case for a single input 
beam that is inflicting self-action and modifying the outgoing wave. For the case 
of a pump probe experiment, see Boyd 2008, Chapter 4. [67] 
 For the case of self-action, we consider that the total equation of the wave 
is given by 
  𝑃𝑇𝑂𝑇(𝜔) = 𝜖0𝜒
(1)𝐸(𝜔) + 3𝜖0𝜒
(3)|𝐸(𝜔)|2𝐸(𝜔) ≡ 𝜖0𝜒𝑒𝑓𝑓𝐸(𝜔)  (2.21) 
Here we introduce a new term, in an effort to maintain experimental convention, 
but often provide an oversimplified understanding of the physics at hand. Here,  
 𝜒𝑒𝑓𝑓 = 𝜒
(1) + 3𝜒(3)|𝐸(𝜔)|2  (2.22) 
In order to provide experimental relevance to this study a relationship must be 
built between these third order effects the experienced refractive index. For this 
reason, a general description of the change in the refractive index in relation to the 
electric field must be understood. A generalization is then written such that   
 𝑛 = 𝑛0 + 2𝑛2〈𝐸
2〉  (2.23) 
Where, the bracket notation is standard to represent time average. We can then 
quickly draw that  
 𝑛 = 𝑛0 + 2𝑛2|𝐸(𝜔)|
2  (2.24) 
if we take to be a linearly polarized beam 𝐸(𝑡) = 𝐸(𝜔)𝑒−𝑖𝜔𝑡 + 𝑐. 𝑐. and then 
〈𝐸(𝑡)2〉 = 2𝐸(𝜔)𝐸(𝜔)∗ = 2|𝐸(𝜔)|2. This of use to the experimentalist who can then 
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draw an n2 relation to that of an effective χeff. Here we begin with the general 
notation that  
 𝑛2 = 1 + 𝜒𝑒𝑓𝑓  (2.25) 
By substitution, we obtain  
 [𝑛0 + 2𝑛2|𝐸(𝜔)|
2]2 = 1 + 𝜒(1) + 3𝜒(3)|𝐸(𝜔)|2  (2.26) 
If we neglect 4th order terms, which are presumed to have minimal impact 
experimentally, then  
 𝑛0
2 + 4𝑛0𝑛2|𝐸(𝜔)|
2 = 1 + 𝜒(1) + 3𝜒(3)|𝐸(𝜔)|2  (2.27) 
We can then simplify these to the often incorrectly used and overly generalized 
equations of the form   
 𝑛0 = (1 + 𝜒
(1))
1/2
 and 𝑛2 =
3𝜒(3)
4𝑛0
  (2.28) 
Nonlinear optical activity has been demonstrated to a wide range of materials 
including chiral molecules, [22], crystals with chiral point groups, and planar 





Nonlinear Imaging and Spectroscopy of Chiral 
M etamaterials 
Chirality is most commonly identified with linear optical characterization 
techniques, however opposing circularly polarized waves can also display the same 
parity as a property of higher order optics. Here, a chiral metamaterial is presented 
that produces both distinguishable linear and nonlinear resonant features when 
probed with left and right circularly polarized incident beams in the visible to near-
infrared regime. The material demonstrates a linear transmission contrast of 0.5 
between left and right circular polarizations and a 20× contrast between second 
harmonic responses from the two incident polarizations. Nonlinear and linear 




3.1 Design & Simulation 
This effort presents a number of noticeable features that favor a 
comprehensive study of chiral-selective nonlinear processes in metamaterials. Our 
sample possesses engineered structural variation along the propagation direction, 
which enables strong chiral responses for transmitted light at normal incidence. 
The size of the unit cell is substantially smaller than the wavelength of light under 
consideration, which allows us to treat the chiral periodic structure as a 
metamaterial and describe its properties using homogenized parameters. Spectral-
resolved circular dichroism of both linear and harmonic signals are analyzed, 





Figure 3.1: Design and simulation of the metamaterial pattern consisting of 
twisted arcs of both enantiomers. (a) Schematic of chiral enantiomer A (right) 
and B (left). Structural parameters were optimized via rigorous full-wave 
simulations: d=72 nm, t=42 nm, w=70 nm, r=32 nm, Λ=225 nm, α=90, β=15. 
(b) An SEM image of the enantiomers A and B, where the upper chiral arc is 
more visible and thus has a lighter color in the image. (c) A tilted view of a 
corner of the patterned ‘GT’ logo, where a white line is shown to distinguish 
where the two enantiomer structures meet.  (d) An SEM image of the patterned 
‘GT’ logo. Here, the inner region of the logo hosts the B enantiomer and the 
outer region hosts the A enantiomer. 
The chiral metamaterial in this research is based on a twisted-arc structure, 
which has been employed previously to realize artificial chirality in the microwave 
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and infrared frequency ranges.[47, 80] Using optimized parameters along with a 
multilevel aligned lithography technique, we are able to downscale the previous 
design and obtain a giant chiral response near the red end of the visible spectrum. 
The metamaterial pattern, 100  100 μm2 in size with roughly 105 arc pairs, 
implemented both enantiomers A and B (see Figure 3.1a) into a pattern to create 
the Georgia Tech “GT” logo. Figure 3.1,b-d shows the scanning electron microscope 
images of the sample at a series of magnifications, from the single meta-atom level 
to the entire pattern. Due to limitations produced by our lithography alignment 
system a 15 nm longitudinal shift occurred between our upper and lower chiral arc 
pairs, however the lateral alignment remained ideal.  
3.2 Fabrication process 
Fabrication: Electron beam lithography was used to create a bi-layered 
metamaterial with parameters specified in Figure 3.1a. To create this multi-staged 
material, a series of steps involving PMMA coverage, lithography, etching and 





Figure 3.2. Fabrication flowchart of the twisted-arc photonic metamaterial. 
The fabrication listed here is similar to that of a previous paper 
demonstrated in our research group, with a critical extra step of plasma etching of 
the first layer of spin on glass.[47] The fabrication of the twisted-arc photonic 
metamaterial primarily includes three runs of aligned electron beam lithography. 
The fabrication flowchart is illustrated in Figure 3.2, with numbers indicating the 
sequential steps taken. The metamaterial was fabricated on a 1×1 inch2 clean glass 
substrate (1). The first run of electron beam lithography was to define the 
alignment marks necessary for the later steps. Electron beam resist polymethyl 
methacrylate (PMMA) A7 of 800 nm in thickness was spin coated at 1000 rpm 
with 2 seconds of ramping time for 60 seconds (2). The PMMA resist was prebaked 
at 180 °C for 90 seconds. After that, to eliminate the charging effect on the 
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dielectric substrate during the electron beam patterning, another layer of water 
soluble conductive polymer Espacer 300z was spin coated at 2000 rpm with 1 
second ramping time for 30 seconds. Next, electron beam lithography (JEOL JBX-
9300FS EBL) was carried out to define the alignment marks. After rinsing the 
Espacer 300z with deionized (DI) water, the PMMA resist was developed in the 
mixture of isopropyl alcohol (IPA) and Methyl Isobutyl Ketone (MiBK) with a 
volume ratio of 1:1 for 2 minutes (3). Afterwards, 10 nm thick titanium and 200 
nm silver were deposited by electron-beam evaporation (4). Subsequently, a lift-off 
process using acetone solution was carried out to finish the patterning of alignment 
marks (5). The second run of the aligned electron beam lithography was carried 
out based on the predefined alignment marks. PMMA A4 was spin coated with 
4000 rpm and 2 seconds ramping time for 60 seconds (6). After pre-baking the 
PMMA resist at 180 °C for 90 seconds, the Espacer 300z was coated in the same 
procedure as step (3). After that, aligned electron beam lithography was used to 
define the pattern of the bottom layer of the arc array, followed by the removal of 
the Espacer 300 and the development of the PMMA (7). The bottom layer of the 
silver arcs was then formed by electron beam evaporation of 50 nm thick silver (8) 
and a lift-off process (9). On the top of this silver structural layer, a transparent 
dielectric IC1-200 (Futurrex Inc.) was spin coated at 5000 rpm with 2 seconds 
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ramping time for 60 seconds (10), and then heated at 200 °C for 60 seconds to 
remove the solvents. Afterwards, the dielectric was then plasma etched to form a 
flat dielectric platform of 70 nm just above the substrate, for the subsequent 
patterning of the upper metallic layer. Finally, for the third run of aligned electron 
beam lithography, exactly the same procedures (12- 15) were repeated to form the 
top silver arc array of the metamaterial. After that, to reach the targeted 
performance and protect the sample from degradation, additional spin coating of 
the IC1-200 followed by baking were performed to form a transparent top cladding 
of 1.1 μm in thickness (16), and the fabrication of the twisted-arc chiral 
metamaterial was accomplished. 
 
3.3 Linear Response 
The twisted-arcs are expected to interact differently to circularly polarized 
lights of opposite handedness, as indicated by the simulated transmission spectra 




Figure 3.3: Simulated transmission spectra of enantiomer A under LCP 
illumination and RCP illumination with dips at 640 and 750 nm respectively. 
The chiral response of a material is typically measured by the parameter of 
circular dichroism (CD), which is most commonly treated as the difference in 
extinction of left-circularly polarized (LCP) and right-circularly polarized (RCP) 
waves: 𝐶𝐷 = 𝑇(𝜔)𝑅𝐶𝑃 − 𝑇(𝜔)𝐿𝐶𝑃. The phenomenon of absorbing different 
polarizations of light is conventionally due to a chiral chromophore, or light 
absorbing group that is found in organic substances. In contrast, our metamaterial 
provides its light absorbing to create its chirality by forming a resonance, between 






Figure 3.4: Linear spectroscopy (a) Transmission spectra of enantiomer A for 
circularly polarized lights. The spectral location of the resonance is sensitive to 
the handedness of the incident states of circular polarization. A contrast of ~ 
3dB in transmission is observed around the resonance frequencies. (b) 
Transmission spectra of enantiomer B, which are completely complementary to 
those of enantiomer A. 
Figure 3.4,a-b shows the transmission spectra of the two enantiomers excited 
with both LCP and RCP waves, which were obtained using broadband circularly 
polarized light at normal incidence. Defined resonance dips for enantiomer A are 
seen at wavelengths of 625 nm and 740 nm for LCP and RCP waves respectively. 
These spectra are completely complementary to those for enantiomer B with 
corresponding dips at similar wavelengths. These measurements correlate well with 
the numerical results shown in Figure 3.3, although the measured resonances 
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appear broader and shallower than the simulated ones due to fabrication 
uncertainties and size distribution in the actual sample. Around these defined 
resonance dips, our chiral arc pairs demonstrate strong chiral, optical activity in 
the visible and near-infrared regime. The difference in spectral location of resonance 
under circularly polarized illumination of opposite handedness can be further 
explained by the Born –Kuhn model.[24] In general, our meta-atomic structure 
undergoes an interaction that causes the two chiral arcs to resonate reciprocally at 
wavelengths of 625 nm and 740 nm for the two enantiomers. The circularly 
polarized, incident beams are intensity-reduced by the resonances of the specific 
enantiomer, thereby creating circular dichroism. Figure 3.5 demonstrates the 
circular dichroism of the enantiomer pair, which was obtained by taking the 
difference of the transmission curves in Figure 3.4,a-b respectively. The CD effect 
is maximized near resonance dips in the transmission spectra, producing a maximal 
magnitude of approximately 0.5. The CD curves of the two enantiomers are again 
complementary, thereby appearing as mirror images of each other with respect to 




Figure 3.5: Circular dichroic response from the enantiomer pair, CD = TRCP  
TLCP. The CD effect is maximized near resonance dips in the transmission 
spectra. 
3.4 Linear Optical Characterization  
LCP and RCP waves are produced from a broadband source followed by a 
series of optics that create circular polarization. The circularly polarized waves are 
then incident upon our sample and recorded on a silicon detector. Nonlinear 
spectroscopy was performed using a Mai Tai laser and a set of appropriately 
positioned objectives to transmit and collect the incident radiation on the sample.  
In order to determine the polarization of the nonlinear light emitted from the 
sample, a series of optics were used to determine the Stokes vectors. Detailed 
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information regarding the full optical characterization setup and the Stokes 
polarimetry analysis can be found in the supporting information of the original 
paper.[3]  
A schematic of the linear optical characterization setup is shown in Figure 
3.6 to illuminate the sample a broadband tungsten halogen source (B&W Tek 
BPS120, spectral range 350-2600 nm) is passed through a coupled fiber that 
illuminates the rest of the optical path. The light passes through a linear polarizer 
then a quarter wave plate to create the left and right circularly polarized light. 
The light is then transformed with a lens, L1 (f = 100mm), and is incident upon 
the sample. The objective (Mitutoyo, 20× Plan Apo NIR infinity-corrected) then 
magnifies the region of interest and an iris samples the location of the target sample 
in the transmitted image. Another lens is again used to transmit the image to the 
detector.  A flip mirror (M1) is shown after the lens. When the mirror is engaged 
it can redirect the light to help us select which target sample we are looking for 
via the preceding lens and camera. When the mirror is disengaged the image is 
sent to a second linear polarizer and a set of 2 filters that cut off wavelengths at 
550 and 1000nm. The linear polarizer was used to decompose the circularly 
polarized light into both a horizontal and vertical polarization with respect to the 
51 
 
grating within the spectrometer. From this data, the transmission was calculated 
by normalizing with respect to the transmission from the substrate. 
 
Figure 3.6: Linear transmission optical setup. Abbreviations for optical 
components: LP – linear polarizer; QWP – quarter waveplate; L – lens; Obj – 
objective lens; M – mirror; F – filter. 
Next, we investigate the nonlinear spectroscopic properties of a chiral 
metamaterial, and exploit the resonance-enhanced and chiral-selective nonlinear 
signals for high-contrast second-harmonic optical imaging.  
3.5 Second Harmonic Response 
While our metamaterial exhibits significant first order chiral selective 
responsivity, its expected nonlinear optical activity from its second harmonic 
response will be factors of magnitude larger. For this reason, second harmonic 
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imaging and spectroscopy with chiroptical illumination was performed. All 
nonlinear measurements in this study were implemented under normal incidence, 
below the perceived damage threshold of the sample. We also confirmed that no 
detectable nonlinear signal emerged from the glass and polymer coating or 
unpatterned metal films under a similar excitation condition.  We first carried out 
nonlinear spectroscopy measurements on enantiomer A with circularly polarized 
excitation of constant intensity, as illustrated in Figure 3.7,a-b.  
 
Figure 3.7: Nonlinear spectral measurements of enantiomer A. (a-b) Nonlinear 
signals from enantiomer A excited by (a) LCP and (b) RCP pump lights. Second 
harmonic peaks at half fundamental wavelength of the incident light are shown. 
The LCP induced second harmonic signals are roughly 15% of the maximum 
RCP induced second harmonic signals. Two photon luminescence tails are shown 
trailing off at shorter wavelengths of both LCP and RCP induced beams. 
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Each of the spectral curves features a frequency-doubled peak at half the 
excitation wavelength, situated on a broadband-background of two photon 
luminescence (TPL) trailing off at lower energy wavelengths. The TPL tails are 
minimized as we near higher excitation wavelengths because less interaction exists 
between impinging photons and the interband transition of silver. The level of SHG 
is clearly sensitive to the handedness of the circularly polarized pump light. 
Specifically, LCP incident light demonstrates a weaker second harmonic signal, less 
than 10% of the RCP induced response. In contrast, spectroscopy of enantiomer B 
will exhibit (not shown) a large second harmonic peak upon LCP illumination in 
contrast with the RCP induced signal. We also note that the spectral peak of the 
nonlinear responses were heavily red shifted compared to the linear resonance 
frequencies. The nonlinear resonance peak can be influenced by the local field 
enhancement and energy dissipation in the metal, but the SHG signal relies on 
more complicated factors including the local symmetry-breaking, the vector 
components of fields, and the outcoupling efficiency at the frequency of the 




Figure 3.8: Second harmonic response from enantiomer A under circularly 
polarized pump lights. The peak SHG contrast occurs at  = 940 nm, at which 
the conversion efficiency of SHG with RCP excitation is over 20 times higher 
than that of LCP excitation. 
Based on the integration of photon counts for the SHG peaks in Figure 3.7 
a-b, we obtain the SHG excitation spectra of both enantiomers under circularly 
polarized pumped beams, as shown in Figure 3.8. A contrast of ~20 in the SHG 
signal was observed at   930 nm between LCP and RCP beams incident on 
enantiomer A. This unusually strong contrast, between the two circular 
polarizations, in the second harmonic spectroscopy in comparison to the linear 
spectroscopy makes nonlinear measurements an ideal candidate for the detection 





Figure 3.9: Second harmonic circular dichroism of enantiomer A.  According to 
the definition, the maximum possible range of SHG-CD is between the values of 
2 and 2. 
The harmonic optical activity can be quantified using the SHG circular 







.  From this definition, the SHG-CD 
is limited within the range between 2 and +2, and a magnitude of 2 represents 
an infinitely large contrast in the SHG conversion efficiency between the two 
incident circular polarizations. Based on the data found in Figure 3.8, we plot in 
Figure 3.9 the SHG-CD of the chiral-arc pair metamaterial, which indicated an 
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incredibly strong second harmonic circular dichroism of 1.85 at the wavelength of 
peak contrast. 
Based on these measurements, we then probe the patterned ‘GT’ logo at a 
fundamental wavelength of 950 nm, at which the peak SHG-CD was obtained as 
seen in Figure 3.8 and 3.9.  
 
 
Figure 3.10: The SHG generation dependence on pump intensity, with blue 
and red markers representing SHG levels under LCP and RCP illumination, 
respectively. The dashed lines represent fitted curves that display a near-perfect 
quadratic relation relative to the incident intensity. 
We also measured the dependence of SHG signals on the intensity of the 
circularly polarized pump lights, as shown in the log-log plot in Figure 3.10. As 
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expected, both the LCP and RCP illuminated samples demonstrated a quadratic 
dependency of 𝐼2𝜔 ∝ 𝐼𝜔
𝐾, where the exponential factors 𝐾𝐿𝐶𝑃=2.02 and 𝐾𝑅𝐶𝑃=2.00 
are obtained from the least square fitting.  
 
Figure 3.11: Stokes parameters of the outgoing nonlinear waves are plotted on 
a Poincare sphere from enantiomer A. The diamonds represent induced beams 
at the peak SHG wavelength of 950 nm, while the squares represent 810 nm 
where the chiral selective response is less distinguishable. The blue and red 
marker-fills follow the theme of the paper in representing LCP or RCP induced 
illumination. 
To gain a better understanding of the properties of the second harmonic 
signal, Stokes polarimetry measurements for enantiomer A were performed at 
excitation wavelengths of 810 nm and 950 nm for both LCP and RCP waves, and 
are plotted on a Poincare sphere in Figure 4d. The interpretation of the Stokes 
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polarimetry measurements assessed can be furthered by calculating the degree of 
polarization (DOP), the degree of linear polarization (DOLP), and the degree of 
circular polarization (DOCP) of each second harmonic response which are all 
normalized to a value of 1. The nonlinear response induced via the RCP beam at 
950 nm, where the SHG efficiency peaks, was mostly linearly polarized with a 
DOLP of 0.90, while all nonlinear responses showed roughly 0.5 for their DOLP. 
A consistent microscopic theory of the nonlinear response of this chiral 
metamaterial would be desirable, but is beyond the scope of this work. 




Figure 3.12: The transmission images of the GT sample illuminated with LCP 
and RCP waves, respectively. The cyan and magenta colored dots placed within 
the optical images of the sample demonstrate where enantiomers A and B are 
located. 
Figure 3.12 depicts two linear images of the ‘GT’ patterned logo with 
different incident, circular polarizations. The images were taken in transmission 
mode with broadband illumination at a wavelength above 715 nm. The contrast 
between the two enantiomers is roughly 0.5. As mentioned in Figure 3.1d, the ‘GT’ 
pattern is composed of enantiomer A on the exterior of the logo and enantiomer B 
on the interior of the logo. The transmission spectra observed in Figure 3.4,a-b 
elucidates why the interior of the image is dark and the exterior is bright when 
illuminated with LCP light, as the transmission is higher for enantiomer A than it 
is for enantiomer B. The same reasoning explains why an inverted image is 




Figure 3.13: Nonlinear imaging. (a) Two nonlinear images of the ‘GT’ patterned 
logo are created via high intensity, excitation of RCP and LCP circularly 
polarized beams. (b) A point by point calculation of the SHG-CD was applied to 
create the image of the metamaterial pattern shown. Counts recovered from both 
RCP and LCP illumination displayed in Figure 3.13a were used to create this 
image. 
The second harmonic images of the sample under circularly polarized 
excitation lights are depicted in Figure 3.13a. The two enantiomers exhibit opposite 
SHG conversion efficiency, which corresponds to their chiral selective nature as 
evidenced from the inverted image polarity in Figure 3.13a. The hotspots in these 
images, which represent the local variation in the nonlinear responses of individual 
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meta-atoms, are likely to result from the local defects, such as random surface 
roughness and coupling of these metallic grain, that occasionally favor the 
generation of harmonic waves under specific excitation conditions.[46] Random 
features in nanoscale metallic structures, such as irregularly-shaped metal particles 
and fractal aggregates, are known to enable localized, enhanced nonlinear optical 
processes.[81]   Despite the local hotspots in the SHG images resulting from the 
local defects of the sample, the micrometer-scale features of the GT logo, including 
the sharp corners and the boundary between the two enantiomer zones, are very 
well resolved within the excited region of the pattern. The contrast of the SHG 
images is an order of magnitude stronger than that of the linear images shown in 
Figure 3.12, thanks to the extraordinary large SHG-CD in our chiral metamaterial. 
To further illustrate the contrast produced by the enantiomers, a SHG-CD image 
(Figure 3.13b) was created by applying the formula mentioned above to the SHG 
images in Figure 3.13a in a pixel-by-pixel manner. The equation that governs SHG-
CD is extremely useful in differentiating between two chiral enantiomers in Figure 
3.13b because it removes hot spots within our image. The defined contrast in this 





3.7 Conclusions & Outlook 
In this chapter, we built on the realm of chiroptics by using nonlinear 
imaging and spectroscopy to study the two artificial enantiomers of a twisted-arc 
metamaterial. As the significance of chiral plasmonic structures plays a larger role 
in the future of optoelectronic platforms, the greater the need will be for 
characterization, analysis, and maintenance techniques of these platforms. 
Nonlinear spectroscopy and imaging of chiral metamaterials offers a unique look 
into the functionality and deployability of these structures, and serves as a readily 
accessible and intensely accurate tool for the study of chirally sensitive materials.  
Chiral metamaterials offer a strong platform to induce SHG via their plasmonic 
resonances and by naturally interfering with the χ(2) susceptibility tensor, making 
these artificial structures the perfect tool to initiate a study of chiral-selective 
nonlinear interactions. Future projects will seek to use chirality and its more 
distinguishable nonlinear response to image not only metamaterials, but also chiral 
biological samples on metamaterials. In addition, these high-intensity probed chiral 
materials could also act as selective, nanoscale reactors by inducing position based, 




CHAPTER IV .  
M etamaterials Enable Chiral-Selective Enhancement of 
Two-Photon Luminescence from Quantum Emitters 
As natural chiral materials demonstrate limited circularly dichroic 
contrasts, enhancement of these polarization dependent signals has long been the 
focus of chiral metamaterial research. By manipulating the geometric chirality of 
resonant plasmonic nanostructures, we are capable of enhancing light confinement 
to amplify chiral modified, nonlinear signals from quantum emitters. The chiral 
center of the metamaterial is opened for direct access, where emitters occupy the 
most light-confining and chirally sensitive regions. The resulting two-photon 
emission profiles from circularly polarized excitations display mirrored symmetry 
for two enantiomer structures. The efficiency of the nonlinear signal directly 
correlates to the chiral resonance of the linear regime. The nonlinear emission signal 
is enhanced by 40× that of the emitters not embedded in the metamaterial and 
displays a 3× contrast for the opposite circular polarization. Such manipulations 
of nonlinear signals with metamaterials open pathways for diverse applications 
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where chiral selective signals are monitored, processed, and analyzed. In order to 
realize novel methods to enhance these effects, traditional near-field studies[82-84]  
which probe the surface of a structure with an achiral emitter have been attempted 
to gain further insight.[85-87] 
In this paper, we build on the realm of optical chirality that organic chemists 
have traversed by studying chiral metamaterials infused with achiral quantum 
emitters in order to probe the nonlinear, near-field interaction of engineered chiral 
structures. While the near-field of chiral, plasmonic structures has previously been 
numerically [24, 88, 89] and experimentally [90, 91] studied, the study of the 
nonlinear, near-field interactions remains sparse. In particular, very limited insights 
have been provided in the literature on how to access, probe and exploit the chiral 
selective hot spots generated in chiral engineered nanostructures. In this regard, 
further investigation is necessary as chiral metamaterials have demonstrated 
enhanced chiral responses orders of magnitude higher for their nonlinear 
counterparts due to symmetry breaking of the electrooptic tensor.[46, 53, 92] 
Specifically, this research focuses on selective enhancement of achiral quantum dot 
emitters within close proximity of our bi-layered, chiral metamaterial structure, 
which has tuned resonance and strong circular dichroism. In particular, exposing 
the chiral center of the three-dimensional structure allows for probing and 
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modification of the nonlinear signal at the heart of the metamaterial’s structural 
chirality. Quantum dots (QD) are useful in studying this metal nanostructure 
because they offer tiny unit volumes for close structural proximity, large intensities, 
narrow band emission and a wide absorption range. However, placing 
semiconductor nanocrystals nearby metal structures breeds concern as quenching 
of the photonic energy by the metal structure is possible. For example, placing 
QDs in the vicinity of rough films enhances excitation, while placing them near 
smooth films causes quenching via Ohmic losses.[93-95]  The enhancement 
recognized in the rough films can be attributed to the lightning rod effect, where 
rough surfaces lead to stronger confinement and larger mode volumes.[96]  In order 
to achieve emission enhancement from this metallic yet luminescent complex, the 
current generated radiative enhancement outside the metallic structure must over 
power the non-radiative Ohmic losses inside the metallic structure.[95, 97] In 
general, the observed enhancement is associated with the existence of resonant 





Figure 4.1: Schematic of enantiomer A (top) and enantiomer B (bottom) of the 
chiral metamaterial. QDs fill the volume mostly surrounding the region around 
the upper arc.  
This project exhibits chiral manipulation of a locally emitted source and 
asymmetric enhancement of the nonlinear signal generated from two-photon 
excitation (TPE) of a nanocrystal emitter. The chiral contrast of the output 
nonlinear signal, two-photon luminescence (TPL), is witnessed when a circularly 
polarized input is incident on the near-field emitters embedded in the chiral arc 
structure. The subwavelength confinement and intense resonance provided by the 
silver arcs promotes selective enhancement and leads to pronounced nonlinear 
circular dichroism of the complex. The nonlinear signal offers a more 
distinguishable enhancement between circular polarizations than an input low 
intensity signal because TPE is a third-order nonlinear process, which enables the 
asymmetrically enhanced, chiral-selective behavior correlated to the meta-
structure’s spectral resonance in the linear regime. By employing geometrically 
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chiral structures to selectively enhance nonlinear optical effects a new brand of 
metamaterial is developed.  
 
 
Figure 4.2: SEM images and nanoarc patterning (a) SEM images of the silver 
bi-layered structure of enantiomer A (top) and enantiomer B (bottom) before 
embedding the QDs. The scale bar in the figure represents 100 nm. Added 
roughness of the structure is due to plasma etching. (b) An SEM image of a 
patterned region involving both enantiomers. Here enantiomer B forms the inner 
portion of the line and enantiomer A the exterior portion. (c) A pattern of the 
GT mascot, ‘Buzz,’ that employs both enantiomers to provide the outline and 
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color. Enantiomer A fills the light gray space outside and inside the pattern and 
Enantiomer B fills the darker regions.   
4.1 Fabrication 
The helicity of the chiral arc pair leverages the structural simplicity 
necessary to create augmented chiroptical properties. The silver, chiral 
metamaterial and its enantiomer pair are depicted in the schematic of Figure 4.1. 
The graphic illustrates that the QD-polymer coating occupies the entire space 
around the upper chiral arc and only a slight portion of the lower arc. Scanning 
electron microscopy images, seen in Figure 4.2a, illustrate the bi-layered structure 
prior to encapsulating the arcs in the QD-polymer solution. A slight, lateral shift 
of 30 nm affects the entire patterned region, but later shows little effect on the 
overall chiral properties of the material. The SEM image in Figure 4.2b captures a 
small segment of a pattern utilizing enantiomer A and B before QD embedment. 
The two enantiomers provide the internal coloring of the Georgia Tech, yellow 
jacket mascot pattern as seen in Figure 4.3c. The embedded CdTe/ZnS core-shell 
quantum dots have a range of absorption that extends from the ultraviolet up until 
their emission peak at 640 nm, which is identified by the dashed line in the first 
two plots of Figure 4.2. The quantum emitters were chosen such that their emission 
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peak corresponds with one of the two chiral resonances of the twisted arc 
metamaterial.  
 
A 1 inch2 piece of glass was coated with an 800 nm polymethyl methacrylate 
(PMMA) layer as an electron beam resist. The resist was spun at 1000 rpm for 60 
seconds with 2 seconds of ramping time and baked for 90 seconds at 180 °C. A 
subsequent layer of water soluble conductive polymer, Espacer 300z, was spun on 
at 2000 rpm for 30 seconds and 1 second of ramping time. The layers were then 
patterned with alignment marks via an electron beam lithography system (JEOL 
JBX-9300FS EBL). The conductive layer is then removed with DI water. The resist 
was developed in a mixture of isopropyl alcohol, and methyl isobutyl ketone in a 
1:1 volume ratio for 2 minutes. The alignment marks were then deposited. Electron 
beam deposition amassed a 10 nm later of titanium as an adhesion layer and a 200 
nm layer of silver. Acetone solution lifted-off the residual PMMA structure to 
complete the patterning of the alignment marks. In order to pattern the bottom 
layer of the chiral arc metamaterial, a second run of electron beam lithography 
employing the alignment markers was accomplished by reiterating the above steps. 
Once lift-off was completed, spin on glass (IC1-200, Futurrex Inc.) was coated with 
a spin speed of 5000 rpm for 60 seconds with a 2 second ramping time. The solvents 
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from the transparent dielectric were evaporated by heating the sample at 200 °C 
for 60 seconds. Plasma etching was performed to reduce the spacing between the 
bottom of the upper arc and the substrate to 72 nm. From here another round of 
electron beam lithography was applied to define the second chiral arc.  
After lift-off of the PMMA for the third time, the sample was then partially 
plasma etched furthering the surface area of the structure exposed to air. This 
etching removes another portion of the spin-on glass and is reduced by roughly 50 
nm, thereby exposing part of the first chiral arc and leaving the upper chiral arc 
standing only via a pillar. A layer of polylauryl methacrylate (PLMA) doped with 
quantum dots was spin coated on the surface of this exposed chiral arc structure. 
The coating solution consisted of CdTe/ZnS core-shell quantum dots in a 1:6 ratio 
of QDs to 4% solution of PLMA in toluene. The volume concentration of QDs 
surrounding the metamaterial structure is approximately 1/40 nm3.  
The completed chiral arc structure has the following parameters. The 
thickness of each arc is 42 nm and the width (from inner radius to outer radius) is 
70 nm. The top of the lower arc is separated from the bottom of the upper chiral 
arc by roughly 30 nm. In enantiomer A, the upper arc is a quarter of a circle and 
has both of its horizontal faces aligned parallel to the walls of the unit cell. The 
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lower arc is adjusted 15 degrees clockwise from the parallel face. The periodicity of 
the unit cell is 225 nm. The enantiomer B is a mirror image of this structure.  
4.2 Linear Response and Simulation 
 
Figure 4.3: Chiral spectral resonances for selective enhancement. a) 
Transmission of LCP and RCP light incident on enantiomer A. An absorption 
resonance occurs at 640 nm for LCP incidence and another dip at 780 nm for 
RCP incidence. The dashed line accentuates the location of the QD emission 
wavelength and the grayed region displays the wavelengths that will be pumped 
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to produce TPE. b) Similarly in enantiomer B, resonances occur at 640 and 780 
nm; however, for opposite circular polarizations. c) |E|2 field enhancement of 
enantiomer A under left and right circular polarizations. A cross sectional cut, 
half way between the upper and lower arc, visualizes the log-scaled and 
normalized intensity of enantiomer A at 800 nm for RCP (top) and LCP 
(bottom). Simulation data for enantiomer A shows substantial enhancement of 
the intensity within the surrounding region of the chiral arc structure at a 
wavelength of 800 nm under RCP illumination. The simulation range (right) 
covers the pump wavelengths for the nonlinear excitation later performed. The 
dashed line corresponds to the spectral location where the |E|2 maps are 
simulated. d) Chiral-selective field enhancement of enantiomer B. Cross sectional 
distributions of the |E|2 are mirror images of the two enantiomers. 
These chirally related, resonant dips in the arc’s transmission profile, which 
can be seen in Figures 4.3a and 4.3b, occur at roughly 640 nm and 780 nm when 
probed with left and right circularly polarized beams respectively. The circular 
dichroism, which describes the transmission contrast between the two circular 
polarizations of opposite handedness, can reach as large as 50% at the wavelength 
of the chiral resonance. The transmission dips at these locations provide resonance 
based light confinement, which is mapped in Figures. 4.3c and 4.3d for both 
enantiomers respectively at 𝜆=800 nm. This figure demonstrates the square of the 
73 
 
magnitude of the electric field under both circular polarizations at a cross sectional 
cut, half way between the upper and lower arc. The cross sectional graphics provide 
a logarithmic scale in order to reduce the visual amplification of the intensity 
located at the edges of the chiral arcs, due to lightning rod effects. Higher squared, 
magnitudes of the electric field are observed for the circularly polarized 
illumination that corresponds to the transmission dip experienced for a specified 
enantiomer. For example, enantiomer A shows a transmission dip at 800 nm for 
right circularly polarized light as seen in Figure 4.3a and thus a higher electric field 
magnitude squared as seen in Figure 4.3c (top). In comparison, the other circular 
polarization, Figure 4.3c (bottom) produces little intensity enhancement in the |E|2 
field map. Additional simulations were provided for the near-infrared regime, where 
the localized intensities were integrated within the surrounding region that the 
QDs were injected into. These simulations, plotted in the right of Figures 4.3c and 
4.3d, demonstrate the strongest enhancement at a wavelength of 800 nm. A slight 
shift in the spectral, resonance location of enantiomer A in comparison to 
enantiomer B is shown and can be attributed to the asymmetry of the integration 
area, which corresponds to the location of the QDs hosted in the metamaterial 
structure. The spatially-averaged enhancement in |E|2 reaches a factor of 
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approximately 30 near the resonance peak, which in turn implies a substantial, 
chiral-selective enhancement in nonlinear light-matter interactions. 
4.3  Linear Optical characterization. 
Linear transmission measurements of the metamaterial structure were performed 
by impinging circular polarized light onto the sample. A tungsten halogen light 
source was circularly polarized by employing a linear polarizer and a quarter wave 
plate. An objective was used to magnify the transmitted signal and was selectively 
filtered to measure only the proper spectral regions. Linear imaging was achieved 
by switching the broadband light source with either a HeNe laser or a Ti-sapphire 




Figure 4.4: Linear transmission images of the GT mascot. a) Laser illuminated 
transmission image at 633nm for bother circular polarizations. The two colors in 
each picture are provided by the absorption or transmission of the light passing 
through one of the two enantiomers that compose the pattern b) Laser 
illumination with an 800nm source. c) Broadband illumination with a 




Transmission images of the metamaterial pattern within their resonance 
bands of circular dichroism are provided in Figure 4.3. The same pattern of ‘Buzz’ 
the Georgia Tech mascot, which is composed of enantiomers A and B according to 
the pattern in Figure 4.2c, is imaged under different illumination conditions. These 
images are taken by impinging left or right circularly polarized light onto the 
patterned metamaterial region. As one of the circular polarization demonstrates 
low transmission for a specified enantiomer, the contrast produced between the 
two adjunct enantiomers at a specified resonant wavelength is very distinguishable. 
The first set of pictures is taken at the lower wavelength resonance of 633 nm and 
the second set, at the second resonance with 𝜆=800 nm. Finally, three gray scaled 
graphics of ‘Buzz’ are shown in Figure 4.4c. The images are taken with a broadband 
source restricted to the near-infrared regime, 715 to 1000 nm, under three different 
polarizations, right circular, left circular and linear. The polarity of the images is 
related to the handedness of the circularly polarized illumination and a featureless 
gray image is produced under linearly polarized light. Having demonstrated the 
strength of our metamaterial to produce circularly polarized differentiation through 
these graphics, we will now proceed to evaluate the chiral-selective nonlinear 
emission from this hybrid metamaterial system.  
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4.5 Two photon luminescence  
The goal of the QD embedded metamaterial is to characterize the near-field 
environment of the chiral arc structure with a fixed emission wavelength of 640 nm 
under varied excitation conditions. By illuminating the structure with a pulsed 
laser of high peak intensity, the nonlinear excitation of the QD-metamaterial 
complex leads to TPE of the QDs, which can be selectively enhanced depending 
on the incident circular polarization. The existence of TPE in semiconductor 
materials was first demonstrated in 1956,[98] but a recent usurping of the tool 
occurred when nanocrystalline, semiconducting structures became available. [88, 




Figure 4.5: Emission profiles and absorption spectra for the embedded QDs. 
The absorption profile of the QDs demonstrates a characteristic cut off at a 
wavelength of 640 nm. The emission profile of the two-photon excitation is 
magnified in this image, as the two-photon excitation emission is orders of 
magnitude lower than the standard, emission profile under linear excitation.   
In Figure 4.5 we show the typical absorption, linear emission and TPL 
profile of the QD-polymer coating. The two-photon excitation from the QD-
polymer coating is scaled by many orders of magnitude in Figure 4.5a. The overlap 
of the linear and nonlinear emission peaks shows almost no spectral shift. The 
incident laser source at 𝜆=800 nm was filtered to remove any unexpected light 
sources below 780 nm, thereby removing the possibility of lower wavelength 
excitation. The QD was also tested for circular polarization dependency by probing 
the substrate with left and right circular polarized beams. In this scenario, the QD 
emitted similar photon counts when probed with both polarizations, thereby 
removing any possibility of QD-circular polarization dependency. In addition, since 
quantum dots blink and are known to charge over time, [94, 100]  extended 
exposures and averaging of measurements were conducted.  
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3.6 Nonlinear Characterization 
Two-photon excitation measurements were achieved by impinging circularly 
polarized light from a tunable pulsed laser onto the sample, using a similar circular 
polarizing setup. The pulse train has a repetition rate of 80 MHz and a pulse width 
of 100 fs. Control of the input power and polarization was achieved by two sets of 
Glan-polarizers complimented with half wave plates. All nonlinear measurements 
except the intensity dependence of the metamaterial-QD complex were conducted 
at an input power of 2 mW and the QD substrate was measured at an input power 
of 10 mW. Power input measurements are explicitly stated in Figure 4.10. The 






Figure 4.6: The two-photon excitation profile at 800 nm under different input 
circular polarizations for enantiomer A. 
When embedded in the metamaterial, the QDs emit a higher TPL photon 
count than observed in just the polymer film of the same thickness and QD 
concentration, as seen in Figure 4.6. This figure displays the TPL enhancement 
from the metamaterial structure at a probe wavelength of 800 nm; this wavelength 
responds the most dramatically to the resonant conditions set by the chiral arc 
structure. The observed enhancement is attributed to the effectively increased 
absorption cross-sectional area of the QD. In addition, the emission enhancement 
from the QDs embedded in the metamaterial can be attributed to the resonant 
condition and confinement volume of the chiral arc pair, thereby intensifying the 
light energy in the nearby emitters. It should also be noted, that in Figure 4b the 
two-photon luminescence peak of the QD on the substrate occurs at an expected 
wavelength of 640 nm, however the two-photon luminescence peak of the QDs 
embedded in the metamaterial demonstrates a 10 nm red shift to 650 nm. This red 
shift is likely attributed to the spectrally dependent antenna effect from the 
metallic nanostructures. In addition, Figure 4.6 also shows an unusual asymmetry 
compared to the Gaussian shape of the QDs TPL. The increased emission profile 
seen at longer wavelengths, can be attributed to two-photon luminescence from the 
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metal of the metamaterial structure.[101, 102] Special care was taken to eliminate 
any influences from the metal based two-photon luminescence in subsequent 
integration of these peaks.  
 
Figure 4.7: Two-photon excitation spectroscopy.  The integrated two photon 
emission profile for enantiomer A for both circular polarizations is shown on the 
left. Peaks similar to those seen in Figure 4.5 are integrated to resolve this figure. 
The two-photon excitation spectroscopy of enantiomer B again demonstrates 




Figure 4.8: Chirally distinct two-photon luminescence. (a) Two-photon 
luminescence enhancement of enantiomer A under left and right circular 
polarizations. A large contrast between the two circular polarizations arises at 
800 nm, where the linear excitation resonance occurs as seen in Figure 4.2c. The 
TPL enhancement is calculated by dividing the output luminescence from the 
QD-metamaterial complex by the luminescence from the QD film.  (b) 
Enantiomer B shows switched magnitudes of TPL enhancement for the two 
circular polarizations.   
In order to relate the near-field interactions of the metamaterial to its linear 
counterpart and gain a better understanding of the chiral, QD-nanoparticle 
interaction, a range of near-infrared wavelengths are probed under high peak power 
beams. Both enantiomers A and B are subjected to left and right circularly 
polarized light. The set of emission peaks obtained are similar to those shown in 
Figure 4.6. These peaks were integrated over a range of 80 nm to quantify the TPL 
intensity as a function of probe wavelength, from 775 to 975 nm, and the result is 
shown in Figures 4.7a and 4.7b. Enantiomer A demonstrates a significantly higher 
nonlinear signal for a RCP incident beam, as predicted by the simulation in Figure 
4.3c. This signal enhancement is mirrored by Enantiomer B for its respective 
resonant polarization in the near infrared regime, LCP light. The concept of a 
resonant polarization can only be discussed in a certain wavelength range, as 
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outside of this limited range, the resonant polarization may switch.  A couple 
distinct features are immediately noted in Figures 4.7a and 4.7b. For instance, the 
nonlinear contrast between the LCP and RCP beams drops substantially as the 
excitation wavelength moves away from the resonance peak around 800 nm. The 
bandwidth of this region is similar to the bandwidth of the linear circular dichroism 
region. As the nonlinear probed regime measurement is limited by the wavelength 
range of our system’s setup, the overall circularly dichroic bandwidth of the 
nonlinear region might be larger. Moreover, these bandwidths occur at roughly the 
same spectral locations. For this reason, the reduced polarization dependency of 
the TPL at either end of the bandwidth can most likely be attributed to the 
resonance effects seen in the linear spectrum of Figure 4.3. Further extrapolating 
from Figure 4.3a and 4.3b, we note an increased absorption resonance for either 
right or left circular polarizations at wavelengths approaching 800 nm, for 
enantiomers A and B respectively. This linear resonance feature describes the 
relative emission maximum in Figure 4.7a, where the radiated nonlinear source is 
directly related, to the light confining ability of the metamaterial. In this way, the 
maximum TPL peak takes on the spectral location of the linear absorption 
maximum (transmission minimum). This trend is followed throughout the entire 
probe spectrum, such that at spectral locations where there is minimal 
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differentiation between the two circular polarizations in the linear regime, the 
nonlinear regime responds similarly.  
The strong enhancement at the excitation wavelength of 800 nm introduces a 
disparate contrast in TPL between the two incident circular polarizations as seen 
in Figures 4.8a and 4.8b. Enantiomer A at this spectral location under RCP 
excitation demonstrates a chiral-TPL enhancement of 40× that of the QD substrate 
and an enhancement roughly 3× that for the LCP incident light. In mirror like 
contrast, the LCP excitation of enantiomer B demonstrates a distinction of 30× 
that of the QD-polymer coating and 3× that for the RCP excitation beam. The 
reduction of the enhancement for the non-resonant polarization demonstrates that 
the light confining ability of the structure is significantly reduced when the 
geometry of the mode is not aligned with that of the structures chiral nature for a 
given wavelength. The enhancement of the resonant polarization for a given 
enantiomer is also significantly reduced as the probe wavelength deviates from the 
resonance peak at 800 nm. The difference in the magnitude of enhancement from 
these two enantiomers is likely due to the asymmetric placement of the QDs in the 
metamaterial. Substantiating the enhancement data shown in Figures 4.8a and 
4.8b, the series of simulations calculated for the same probe wavelengths that were 
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supported by our high peak intensity laser source provides similar results, as seen 
in Figures 4.3c and 4.3d. 
 
 
Figure 4.9: Two-photon luminescence - circular dichroism of QD’s embedded 
in enantiomer A and B. TPL-CD is defined as the given equation in the figure 
and describes the difference in nonlinear output signal from the two circular 
polarizations. The circular dichroism is enhanced at the linear excitation 
resonance of the enantiomers. 
The contrast of the nonlinear luminescence can be described by a figure of 
merit similar to linear circular dichroism. Two-photon luminescence-circular 
dichroism is defined as 𝑇𝑃𝐿 − 𝐶𝐷 =
(𝑅𝐶𝑃 − 𝐿𝐶𝑃)
.5(𝑅𝐶𝑃 + 𝐿𝐶𝑃)
. This property provides a quick 
understanding of the contrast that a chiral structure demonstrates based on the 
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difference in two-photon emission from the two incident circular polarizations. 
Figure 4.9 demonstrates the contrast experienced from both circular polarizations 
on enantiomers A and B. The structures exhibit a flipped polarity in terms of TPL-
CD which is demonstrated by the mirror symmetry presented across the x-axis of 
the plot. As chiral enhancement is increased at wavelengths approaching 800 nm, 
the two enantiomer structures show augmented TPL contrast.  
Also shown in Figures 4.8a and 4.8b, the two-photon emission peak near 
800 nm seems to be red-shifted from the linear spectrum’s resonance dip at roughly 
775 nm. However this red-shift may be anticipated as the spectral location of 
higher-order optical resonances often differs from that of their linear counterpart 
due to harmonic damping specifically in metals.[103] Based on this shift, it would 
seem that some damping occurs in the metamaterial as it is coupled into far-field 
transmission. In order to validate that the emission peak was in fact demonstrated 
from TPE and not by another linear source term, an analysis of power dependence 
was performed. Figure 4.10 demonstrates that TPE has a quadratic dependence on 
the input intensity for both the QDs in the metamaterial and on the substrate. 
The figure supplies a coefficient K, to describe the exponential dependence such 
that, 𝐼2𝜔 ∝ 𝐼𝜔
𝐾, where 𝐼2𝜔 is the intensity of the nonlinear signal and 𝐼𝜔 is the input 
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probe beam intensity.  The regression line of the logarithmic plot provides an 
exponential dependence of 2.0 ± 0.1 for the data points. 
 
 
Figure 4.10:  Two-photon luminescence as a function of the intensity of the 
pump light. All input polarizations demonstrate quasi-quadratic power 
dependence, evidencing two-photon excitation. 
4.7 Conclusion  
In this chapter, we demonstrate chiral-selective enhancement of two-photon 
luminescence from QDs embedded in a chiral metamaterial. The giant chiral 
response in a metamaterial, consisting of coupled nano-arcs, facilitates circular 
dichroic manipulation of the far-field intensity of locally emitted nonlinear signals. 
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In addition, the efficiency of the two-photon luminescence from the hybrid meta-
system is directly correlated to the chiral resonance in the linear regime. By both, 
exposing the resonant near field of our chiral structure and inserting semiconductor 
nanocrystal emitters as indicators of localized chiral hotspots, we demonstrate two-
photon enhancement of a chirally modified signal. Due to the light confining ability 
of the metamaterial under circularly polarized excitation, the two-photon 
luminescence from the hybrid system is enhanced by over 40 times with respect to 
a reference case without the metamaterial. The enhancement is chirality-enabled 
and is therefore sensitive to the handedness of the circularly polarized excitation; 
the enhancement factor demonstrates a contrast as large as 3 for the two circular 
polarizations observed in our experiment. Future works might look to reduce 
metallic particle quenching by introducing thin layered coatings around the metal 
structures and larger metallic spacing, thereby adding potential for nonlinear 
optical signal manipulation with reduced optical loss. This work represents a key 
demonstration in the realm of active chiral metamaterials, where the enhanced 
chiral fields are purposely exploited to enable chiral-selective light-matter 
interactions for imaging, sensing, and spectroscopic applications. 
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CHAPTER V.  
INTENSITY-DEPENDENT MODULATION OF 
OPTICALLY ACTIVE SIGNALS IN  A CHIRAL 
M ETAMATERIAL 
Chiral media exhibit optical phenomena that provide distinctive responses from 
opposite circular polarizations. The disparity between these responses can be 
optimized by structurally engineering absorptive materials into chiral nanopatterns 
to form metamaterials that provide gigantic chiroptical resonances. In order to 
fully leverage the innate duality of chiral metamaterials for future optical 
technologies, it is essential to make such chiroptical responses tunable via external 
means. Here we report an optical metamaterial with tailored chiroptical effects in 
the nonlinear regime, which exhibits a pronounced shift in its circular dichroism 
spectrum under a modest level of excitation power. Strong nonlinear optical 
rotation is observed at key spectral locations, with an intensity-induced change of 
14° in the polarization rotation from a metamaterial thickness of less than λ/7. The 
modulation of chiroptical responses by manipulation of input powers incident on 
chiral metamaterials offers potential for active optics such as all-optical switching 




Designing nano optic modulation systems is at the forefront of photonic 
research as the capacity for optical switching opens doors for applications in 
sensing, data transfer, quantum or photonic computing and so on. Metamaterials, 
nanoengineered structures composed of metallic building blocks embedded in 
dielectric media, demonstrate extensive potential for these nano-optical 
applications due to their highly sensitive plasmonic resonances and subwavelength 
interactions that create exotic macroscopic optical phenomena. More specifically, 
chiral metamaterials offer an exclusive route to modulation of these resonances 
when interacting with circularly polarized light. In general, chiral materials are 
structured media that possess a subunit whose mirror image cannot be superposed 
onto itself. The existence of this type of structural asymmetry gives rise to light-
matter interactions that are sensitive to the handedness of the circular optical 
polarization. The difference in absorption between the two circular polarizations is 
known as circular dichroism and is one of the quantitative measurements of optical 
activity. The other, optical rotatory dispersion, describes the rotation of a plane of 
polarization of a linearly polarized beam as it passes through the chiral medium, 
and can be calculated from the circular dichroism using Kramers-Kronig 
relations.[104] These same definitions that were used to characterize chirality in 
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organic media are still used today to characterize artificially structured media with 
large optically active responses.[37, 50]  
In order to design materials with artificially engineered chirality in the optical 
regime we look to metamaterials. Early forms of chiral optical metamaterials were 
designed with single layered patterns due to their relative ease of fabrication, but 
the chiral responses in such planar metallic structures are usually weak and 
typically require oblique incidence. To obtain pronounced chiroptical responses for 
transmitted light at normal incidence, we must imbue the mirrored discrepancy of 
the two circular polarizations in the material. Thus to achieve large chiroptical 
responses, an enantiomer must twist with the helical pitch of the polarized wave, 
in terms of rotation and distance travelled in the propagation direction. By 
integrating materials that have absorptive resonances in the prescribed frequency 
domain with nanoengineered structures that match the helical features of the 
incident wave, metamaterials with large circularly dichroic responses can be 
achieved. Various chiral structures explore this twist in the propagation direction 
including dual-layer twisted rosettes,[23] split-rings,[40, 105] arcs,[3, 47] 
gratings,[32] helices,[35] L-shapes,[26, 106] and arrays of twisted nano-rods.[28] In 
addition, chiral metamaterials typically have a lattice-constant factors smaller than 
the operating wavelength of interest, in order to instigate plasmonic resonances for 
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chiral selective absorption. The strength of these chiral metamaterials has been 
demonstrated in their applications as broadband circular polarizers,[28, 107] chiral 
mirrors,[108] negative refractive materials[51] and large scale chiroptical 
patterns.[109] While the height of chiral metamaterial research has taught us how 
to tailor these optically active effects, applications of nanophotonics demand that 
we seek out physical means to engineer active modulation into our photonic 
systems. This pressing need prompts us to explore all-optical control of chiroptical 
responses in photonic metamaterials. 
As early as the 1950s, scientists theorized the opportunities available in 
anisotropic media when subjected to large beam intensities.[110-112] Higher input 
powers provided a change in the amount of optical rotation achieved by the 
anisotropic material.[112-116] The researchers recognized that by introducing large 
electric fields into the material, it could undergo thermal self-action or fast 
electronic transitions, one or both of which could induce a net gyrotropic effect in 
the material.[112] The thermal gradient can induce a change in the refractive index 
of the material, whereas electronic transitions modify the bandgap of a material. 
The net effect of these nonlinear interactions influences the electric susceptibility, 
where the diagonal and non-diagonal terms of the tensor describe the manipulation 
of the optically induced birefringence and the nonlinear change in rotation angle 
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respectively.[111] However it wasn’t until 1979 that the electronic and thermal 
effects had been fully separated in crystals with chiroptical responses.[115] Further 
studies of nonlinear optical activity have been shown in liquid crystals,[117] 
optically active crystals,[113, 114, 118] chiral solutions[119-121] and a single-layer 
anisotropic metamaterial at angled incidence.[65] Engaging the 
noncentrosymmetric components of the susceptibility at high input powers allows 
the nonlinear generated signal to surpass the linear chiroptical contrast exhibited 
by the chiral structure.[3, 21, 122-124] 
Here, we utilize the off diagonal terms of the electric permittivity tensor to 
manipulate the transmitted optical beam by function of input intensity. In this 
article, beams of varied optical power modify the two optically active signals, 
circular dichroism and optical rotatory dispersion, of a chiral metamaterial.  The 
linear response of the chiral metamaterial is characterized, providing a maximum 
circular dichroic response of 0.58 and a maximum optical rotation of 2.3106 ° cm-
1.  In measuring the nonlinear response, we demonstrate a blue-shift of 10 nm of 
the spectral resonance at 15 mW intensities and a nonlinear optical rotation 




Sample Fabrication. The fabrication of the chiral metamaterial primarily consists 
of a few runs of aligned electron beam lithography. The metamaterial was 
fabricated on a 1×1 inch2 glass substrate. Electron beam lithography (JEOL JBX-
9300FS EBL) was carried out to define the lower elliptical layer. The bottom layer 
of the bilayered structure was formed by electron beam evaporation of 33 nm thick 
silver and a lift-off process. On the top of this silver structural layer, a transparent 
dielectric IC1-200 (Futurrex Inc.) was spin coated on. Afterwards, the dielectric 
was plasma etched to form a flat dielectric platform of 45 nm just above the 
substrate, for the subsequent patterning of the upper metallic layer. Another run 
of aligned electron beam lithography was repeated to form the upper elliptical 
array of the metamaterial. To reach the targeted performance and protect the 
sample from degradation, additional spin coating of the IC1-200 was performed to 
form a transparent top cladding of 1 μm in thickness. 
The structural composition of the nanoengineered material is depicted in 
Figure 5.1. The unit cell is composed of two 33 nm silver films that have each been 
perforated with an ellipse, where the two major axes are askew from each other by 
an angle of 22.5 . The first silver film is grown on a glass substrate and is separated 
from the other film by a 45 nm dielectric material with a refractive index similar 
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to glass. The exact geometrical parameters are listed in the caption of the figure. 
The structure is then encapsulated within the dielectric material to prevent any 
form of oxidation. The encapsulation of the metallic nanostructures within the 
dielectric ensures that the circular dichroic response remains the same independent 
of the direction the sample faces when light is incident on it. A secondary unit cell 
is shown in the lower half of Figure 5.1. This schematic is the mirror image of the 
upper unit cell and is known as its enantiomer. Chiral enantiomers are known to 
have mirror optical responses, just like they have mirror structural symmetry. An 
SEM image of the lower silver film is provided in the middle of Figure 5.1 and a 
second image of the upper pattern on top of the lower film is shown on the right 
of Figure 5.1. The orientation and size of the perforated ellipses demonstrate strong 
throughput in the physical structure. The alignment of the structure is well 
maintained, such that lateral precision between the upper and lower patterns is 
within 5 nm. A similar metamaterial design has exhibited large circular dichroic 
responses, [125, 126] making it an enticing structure to seek modification of its 




Figure 5.1: Schematic and micrographs of chiral metamaterial enantiomers. (a) 
A single unit cell of the metamaterial array. The nanoengineered material is 
composed of two silver films separated by 45 nm of a dielectric spacer (n=1.45) 
and perforated with two ellipses, where the major axes of the ellipses are skewed 
by 22.5°.  (b) The SEM image depicts the first layer of the structure and is followed 
by an image of the (c) upper layer placed on top of the first. The scale bar in the 
image is 200 nm and the overall pitch of the unit cell is 350 nm. The characteristic 
parameters of these ellipses are r1=115 nm, r2= 150 nm and α=22.5°, β=45° from 
the coordinate axis. The second unit cell on the lower half of the figure is then 
created by aligning the ellipses such that the unit cells are mirror images of each 
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other known as enantiomers. (d) Schematics and SEM images of the (e) lower and 
(f) upper layers of enantiomer B are provided.   
 
Figure 5.2: Experimental chiroptical responses for the two enantiomers. (a) 
Transmission spectra for left and right circular polarizations incident on 
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enantiomer A. The spectra present a maximum circular dichroic response of 0.58, 
where CD is defined as TRCP - TLCP. Optical rotation measurements were 
performed with a linear polarization input at 45°, denoted by the black line in the 
polarization graphics. The diagrams measured at 744 nm and 1 m show that the 
linear polarization and orientation is maintained as it passes through the structure. 
At the spectral location of the resonance dips, 841 and 939 nm, the output 
polarization becomes elliptical and rotated. At the spectral cross-point in the 
central graphic, where TRCP = TLCP at the wavelength of 896 nm, the transmitted 
light remains linearly polarized, but rotated by 25° clockwise. (b) Mirror responses 
are achieved for the transmission and optical rotation data of enantiomer B, when 
a linear polarization is input at an angle of 135°. Similar to enantiomer A, the 
linear polarization is maintained at the crosspoint wavelength where TRCP = TLCP, 
but the optical rotation is counter clockwise in this case. 
4.4 Linear Optical Response 
Linear Optical Characterization. Circularly polarized light provided by a tungsten 
light source modified with a linear polarizer and waveplate was incident on the 
metamaterial structure to measure its transmission characteristics. The 
measurement was performed using a homemade spectroscopy system dedicated to 
the characterization of small sample areas. The light was passed to a spectrometer 
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and a silicon CCD camera. To obtain the linear optical rotation data a similar 
setup was utilized. A linear polarization was input on the sample and the data was 
then collected at an output angle every 5 . 
In order to demonstrate this change in the transition from linear to 
nonlinear input powers, we first characterize the optically active signals of the 
metamaterial structure at low power exposures. Figure 5.2 depicts both the circular 
dichroic and optical rotatory responses for enantiomers A and B. The central two 
graphs for both enantiomers in Figure 5.2a and 5.2b depict the transmission of left 
and right circularly polarized waves. Just as the enantiomer structures are mirror 
images of each other, the linear chiroptical responses as shown in the transmission 
graphs are also complimentary to one another. The slight differences witnessed 
between the two spectra can be attributed to minor fabrication deviations between 
the enantiomeric materials. The largest magnitude of the transmission difference 
between the two circular polarizations is 0.58 for enantiomer A at 840 nm and 0.50 
for enantiomer B at 810 nm. This contrast is defined here as circular dichroism, 
CD=TRCP  TLCP. We note that the two enantiomer structures are designed to be 
optically identical from both sides and thus do not support asymmetric 
transmission. This circular dichroic contrast is comparable to some of the best 
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metamaterial structures out there today.[24, 47, 126] The resonance dips occur over 
a broad spectrum in the near-infrared.  
In addition, optical rotation measurements were performed from 740 nm to 
1000 nm. The five polarization figures surrounding the transmission graphics 
represent the state of polarization of the transmitted wave at five selected spectral 
regions where the chiral metamaterial demonstrates its chiral nature or lack 
thereof. In each polar diagram, the peanut-shaped pattern describes the measured 
portion of the intensity along the transmission axis of a rotating polarizer at the 
output. Polarization diagrams are normalized and averaged over a spectral region 
of 5 nm, including 30 data points to reduce noise. In order to assess the largest 
optical rotation of the transmitted light from these structures, a different input 
polarization angle was necessary for either enantiomer. For enantiomer A, the input 
polarization is 45 ° and for enantiomer B, the angle is 135 °. This is denoted in the 
polarization diagrams by a solid black line at the respective angles for the two 
enantiomers. Intuitively, these locations are ideal for optical rotation as they are 
the physical locations where the two perforated ellipses intersect most closely, as 
seen in Figure 5.1. More details on how these input polarization angles were 




Figure 5.3: Optical rotation as a function of input angle. A linearly polarized 
beam is incident on the sample at 0° as denoted by Figure 5.4 and rotated. The 
rotation of the plane wave is recorded from the transmitted light.   
Figure 5.3 shows how the metamaterial rotates the plane of polarization 
when linearly polarized waves are incident at differing input angles. In order to 
measure this, a linearly polarized wave was incident on the sample at varied input 
angles and a linear polarizer was rotated to find the location of the minima. The 
major axis of the polarization then corresponds to ±90 of the minimized rotation 
angle.  It’s important to note that the output polarization could vary between 
linear and elliptical. For this reason, when the output wave was elliptically 
polarized, the optical rotation corresponds to the major axis of the elliptically 
polarized wave. Based on these results, we chose to input the linearly polarized 
beam at 45° for enantiomer A and 135° for enantiomer B. The respective 
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polarization angle is shown in correspondence to the angle of the structures in 
Figure 5.4.  
 
Figure 5.4: Orientation of linearly polarized wave incident on the chiral 
metamaterial. The dark blue line represents the input polarization chosen for the 
linear and nonlinear optical rotation results presented in Fig 2, Fig 3 and Fig 5. 
The angles ΨA and ΨB represent 45° and 135° respectively. 
As in all measurements provided in this paper, the light passes through the 
glass substrate first. Next, the true optical rotation should be characterized at the 
cross point of the central graphic of Figure 5.2. At this cross point, left and right 
circular polarizations are transmitted equally, thereby allowing a linearly polarized 
beam to pass through without deformation of its polarization. As anticipated, the 
polarization diagrams for enantiomer A at 896 nm and for enantiomer B at 860 
nm have a linearly polarized beam output. More importantly the linear polarization 
is rotated by 25  (clockwise) for enantiomer A and 20° (counter-clockwise) for 
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enantiomer B. Each of the enantiomeric metamaterials exhibit both a positive and 
negative cotton effect, switching optical rotation directions at both absorptive 
resonance as viewed in our supplementary movie in the original text.[5] Given a 
thickness of 111 nm of the metamaterial structure, we realize an optical rotation 
of 2.3106 ° mm-1 for enantiomer A and 1.8106 ° mm-1 for enantiomer B. These 
values are among the strongest optical rotation levels in photonic metamaterials 
reported to date. 
We can now analyze the other 4 polarization graphics provided in Figure 
5.2. The polarization diagrams that are collected at 740 and 1000 nm show a linear 
polarization output at an angle that is equivalent to the input polarization. For 
instance, enantiomer A shows an output polarization of 45 , which is the same 
angle that the input polarization was incident. This congruency between the input 
and output polarization matches the response exhibited in the transmission spectra 
at this wavelength. Here both the right and left circularly polarized beams are 
transmitted equally, demonstrating that the structure cannot distinguish between 
the two input circular polarizations, and thusly has little chirally resonant-
absorptive effects at these wavelengths. Two more polarization angle diagrams are 
provided at the resonance dips of the transmission spectra. These polarization 
diagrams demonstrate a loss of linear polarization, which is denoted by the 
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increased width at the waist of the peanut-shaped intensity profile of the 
polarization. The manifestation of this elliptically transmitted beam located at the 
resonance also corresponds to the lack of transmission from one circular 
polarization but not the other. As a linearly polarized beam can be decomposed 
into both left and right circular polarizations, this loss of linearity is anticipated. 
This change in polarization as a function of wavelength is best understood and 
displayed in the attached video file published online.  
The above mentioned experimental results are well matched with the 
simulation data provided in Figure 5.5. The simulated transmission spectra of 
circularly polarized lights on enantiomers A and B show perfectly complimentary 
spectra, with resonance dips at 818 and 885 nm. Figure 5.5 also hosts plots of 
optical rotation for the two materials. In the simulation, the input angle of the 
linearly polarized beam is the same as the one provided in the experimental data 
(45 ° for enantiomer A and 135 ° for enantiomer B). Maximum values of optical 
rotation are obtained; where the angle of rotation of the linear polarized wave as 
it passes through the materials is ~30 ° (clockwise) for enantiomer A and ~30 ° 
(counter clockwise) for enantiomer B. The angle of rotation indicates the 
orientation of the major axis of the linear or elliptical beam. In addition, 
simulations of ellipticity are also provided. The ellipticity describes the shape of 
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the polarization ellipse of the electric field, where a value of  = +1 corresponds 
to a right circular polarization,  = 1 a left circular polarization and a value of  
= 0 implies a linearly polarized wave. The equation of ellipticity in this work is 
defined by the ratio of the major axis to the minor axis of the electric field or the 
square root of the intensity. As evident in the experimental data, the responses of 
the optical rotation and ellipticity data are again mirror symmetric for the two 
enantiomers. The graphic of the ellipticity shows a maximum and minimum, where 
the sign of the cotton effect changes and the direction of the optical rotation 
changes. As denoted by the relation of circular dichroism to the optical rotatory 







Figure 5.5: Simulations of circular dichroism and optical rotatory dispersion. (a) 
& (b) Simulated transmission spectra of circularly polarized lights on enantiomers 
A and B. Plots of optical rotation and ellipticity are provided. The input angle of 
the linearly polarized beam is the same as provided in the experimental data, 45° 
for enantiomer A and 135° for enantiomer B. A maximum of ~30° (clockwise) is 
obtained for the rotation of a linearly polarized beam as it passes through 
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enantiomer A and ~ 30° (counter clockwise) as it passes through enantiomer B. 
The angle of rotation indicates the orientation of the major axis of the linear or 
elliptical beam. The ellipticity describes the shape of the polarization of the electric 
field, where a value of  = 0 implies a linearly polarized beam and  = +1 
corresponds to a right circular polarization and -1 to a left circular polarization. 
The responses of the optical rotation and ellipticity data are mirror symmetric for 
the two enantiomers. 
 
Figure 5.6: Intensity-dependent circular dichroism. (a) & (b) Transmission 
spectra of enantiomers A & B when subjected to varied intensities of right and left 
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circularly polarized light. As incident intensities are increased, the spectra of the 
resonances are blue shifted. This follows that the cross points and resonance dips 
are also shifted, implying that the corresponding optical rotation at higher 
intensities will also be effected. (c) & (d) Circular dichroic response of enantiomers 
A & B as a function of input intensity. The spectral shift for the resonance is 
approximately 10 nm for the two enantiomers as shown in the inset of (c) and (d), 
where the arrows show an increase in power. (e) & (f) Change in circular dichroism 
as a function of input power for the two enantiomers. The solid line acts as a guide 
for the eye. A change in circular dichroism of ~0.14 is demonstrated for a difference 
in power of 14.5 mW. Average excitation power of 1 mW corresponds to a peak 
intensity of 6107 W cm-2. 
5.4 Nonlinear Circular Dichroic Response  
Nonlinear Optical Characterization. The excitation source for this experiment was 
a Ti-sapphire ultrafast oscillator (Spectra-Physics, Mai Tai HP) with a pulse 
duration of 100 fs, a repetition rate of 80 MHz. This laser was tuned from 740 to 
1000 nm every 10 nm to acquire the data for the nonlinear measurements above. 
To measure the circular dichroic response, left and right circularly polarized waves 
were incident on the material. The incident beam had a diameter of roughly 15.8 
µm. The power impinging on the sample was controlled by a waveplate and Glan-
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polarizer to allow continuous modification of the optical power from 0.5 to 15 mW. 
The nonlinear optical rotation measurements were produced at three power levels 
by inputting a linear polarization at a specified input angle according to Figure 
5.2, and analyzing the output polarization with a linear polarizer every 5 . The 
exact values of the maximum optical rotation were achieved by fitting cos2 
functions to the data, where the fits achieved coefficients of determination greater 
than 0.995. Average excitation power of 1 mW corresponds to a peak intensity of 
6107 W cm-2. 
With the characterization of the linear response achieved, we can now move 
to study the nonlinear optical responses. Rather than investigate wave mixing 
signals that are generated from the chiral metamaterial as previously 
demonstrated, [3, 53, 124, 127] we can look at the transmission property of the 
material as input intensities are increased. Figures 5.6a and 5.6b provide the 
transmission spectra of enantiomers A and B when subjected to varied intensities 
of right and left circularly polarized light. As intensities are increased from 0.5 mW 
to 15 mW a shift in the spectral resonance of the metamaterial towards shorter 
wavelength is observed. As the spectral location of cross points and resonance dips 
are also shifted, we must later look at these new locations for nonlinear optical 
rotation effects. It’s important to note that there is almost no threshold or 
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definitive transition as the optical response changes from the material’s linear to 
nonlinear response. Rather, a gradual transition is achieved as power is increased. 
This leads us to ascribe this phenomenon to thermal modulation despite the fact 
that pulsed waves were input.[116] Figure 5.6c and 5.6d depict the circular dichroic 
response of enantiomers A & B as a function of input intensity. The spectral shift 
for the resonance is approximately 10 nm for the two enantiomers as shown in the 
inset of 4c and 4d. This shift occurs over a change in input power of 0.5 mW to 15 
mW. Finally, Figs. 4e and 4f illustrate the change in circular dichroism as a 
function of input power for the two enantiomers. The solid line acts as a guide for 
the eye. The change in circular dichroism of ~0.14 is demonstrated for a difference 
in power of 14.5 mW, which corresponds to approximately a 1 % rate of change. 
Additional measurements were performed to see that the shift is not resulting from 
permanent damage of the metamaterial. These measurements provided in Figure 
5.7, show that after input intensities were maximized to 20 mW, the power could 
be lowered and similar results could be achieved. As the structures are illuminated 
with an input power of 20 mW and subsequently tested at lower powers, it is 






Figure 5.7: Powder dependent transmission at a single wavelength. Change in 
transmission as a function of input power for enantiomer A at the (a) first and (b) 
second resonance locations, 850 nm and 940 nm respectively.   
5.5 Nonlinear Optical Rotation 
Nonlinear optical rotation was studied by passing linearly polarized light at 
varied input intensities onto the sample. The polarization of light was input at the 
same angles as displayed in Figure 5.2, 45  for enantiomer A and 135  for 
enantiomer B. The nonlinear optical rotation was studied at three spectral 
locations – the two resonance dips and the wavelength where the two transmission 
curves cross, giving rise to a CD = 0.  Figure 5.8 showcases the optical rotation 
for three input intensities when incident on the two samples at their resonant 
wavelengths. First, we will discuss how the optical rotation of the outgoing 
polarization is affected with higher input powers. This rotation is defined by the 
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long axis of the polarization ellipse. For enantiomer A at the first resonance,  = 
841 nm, the polarization angle of the transmitted wave, is rotated from 31  at 1 
mW to 37  for 7.5 mW and 45  at 15 mW and at the second resonance the 
rotation changes from 50  to 48  to 46  for the respective power increments. In 
this scenario, the outgoing rotation of the polarization returns towards the input 
polarization of 45  for enantiomer A. As for enantiomer B, the rotation of the 
polarization goes from 130  to 127  to 123  at the first resonant wavelength of 
825 nm and 116  to 119  to 121  for the second resonance with a wavelength of 
895 nm. The largest nonlinear optical rotation of the two enantiomers provides us 
with a nonlinear optical coefficient of 1.76×102 ° cm W-1. The ellipticity of the 
transmitted wave varies in correspondence with the input nonlinear power. As the 
resonance location of the metamaterial shifts with increasing beam power, the 
ellipticity will change in correspondence with the new resonant location at this 
higher input power. The changes in the waist of the peanut shape in the plots of 




Figure 5.8: Intensity-dependent optical rotation. (a) Polarization diagrams of 
transmitted light at varied intensities from enantiomer A. Measurements of the 
shape of the polarization were obtained at the two resonance locations,  = 841 
nm and  = 939 nm. As the power of the incident light is increased, the elliptical 
polarizations are rotated. The orange arrowheads indicate the input angle at which 
the linear polarization was incident on the sample. The blue and purple lines 
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indicate the orientation of the long axis of the elliptical polarization at 1 and 15 
mW respectively. (b) Polarization diagrams of the output wave from enantiomer 
B. The diagrams were measured at wavelengths of 825 nm and 895 nm, 
corresponding to the resonance dips of the second enantiomer. 
Measurements of optical rotation were also achieved at the cross-point of 
the transmission curves, where the circular dichroism is equal to zero as shown in 
Figure 5.9. The response here is relatively weak in comparison to the response at 
the resonance locations. At the cross point, the net change in transmission is zero 
for the two circular polarizations. As a linear polarization is a superposition of left 
and right circular polarizations, there is little tendency for the linearly polarized 
wave to rotate towards either resonance at higher powers. In the past, anisotropic 
measurements of nonlinear optical activity have been taken at convenient spectral 
locations where high laser powers are available. However, in our measurements we 
purposely focused on evaluating the optical rotation at the spectral locations where 
our metamaterial displays its strongest chiral optical activity. In doing so, we 
provide an in-depth nonlinear-spectral analysis of this chiral metamaterial with 
dual resonances. 
In addition, to the nonlinear optical rotation data that was provided in the 
main text, measurements where the circular dichroism of the metamaterial was 
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equal to zero were also presented.  At this spectral location, the linear polarization 
is maintained and the orientation is rotated.  However, it is important to note that 
this inflection point in the circular dichroic spectra shifts with varied beam powers 
as demonstrated in Figure 5.9 (a) and (b). For enantiomer A, at low powers the 
circular dichroism is zero at 897 nm while at 15mw it is zero at 887 nm. For 
enantiomer B at low powers the CD=0 at 861 nm, while at 15 mW it is zero at a 
spectral location of 853 nm. For this reason, measurements of optical rotation for 
varied input powers were performed at both locations as seen in Figure 5.9 (c)-(f). 
The figures show that at the blue shifted wavelengths the waist of the linear 
polarization at lower intensities is larger than at higher intensities as expected. A 
slight rotation is observed for enantiomers A and B as beam power is increased at 
the blue-shifted locations; this is shown by the slight degree shift in the polarization 
data for higher powers. In general, the nonlinear optical rotation here is relatively 
weak in comparison to the response at the resonant locations. At the cross point, 
the difference in transmission is zero for the two circular polarizations. As a linear 
polarization is a superposition of left and right circular polarizations, there is little 
tendency for the linearly polarized wave to rotate towards either resonance at 




Figure 5.9: Intensity-dependent chiral optical rotation when CD=0.  
(a) & (b) Spectral locations where the circular dichroic response is zero, for input 
intensities between 0.5 mW and 15 mW for the two enantiomers. (c) Intensity-
dependent optical rotation at the spectral location of 897 nm for enantiomer A, 
where the linear response achieves a CD=0. The response shows a small 
polarization waist with a transmission close to zero at roughly 5 radians. (e) 
Intensity varied optical rotation at 887 nm for enantiomer B. At 15 mW, the 
circular dichroic response is zero at 887 nm for enantiomer A. At this spectral 
location, the data taken at the input intensity of 4 mW exhibits a larger 
polarization waist compared to that of that at 15 mW intensity. (d) & (f) Similar 
intensity-dependent optical rotation measurements of enantiomer B at 851 and 861 
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nm. The polarization waist of the 4 mW input never reaches zero, whereas the data 
taken at a higher intensity shows a narrower polarization waist at these blue shifted 






We have presented a chiral metamaterial that exhibits strong chiroptical 
responses in both the linear and nonlinear regimes. The metamaterial bares a 
circular dichroic response of 0.58 and a maximum optical rotation of 2.3106 ° cm-
1. In the nonlinear regime, we show a spectral blue-shift of 10 nm over the entire 
resonance spectrum of our chiral metamaterial in response to a power change of 15 
mW. This phenomenon is most likely attributed to thermal self-action of the 
metamaterial. To better understand these effects, a detailed theoretical analysis 
that is beyond the scope of this work would be desired. A change in optical rotation 
of 1.76×102 ° cm W-1 is achieved when the incident power is increased from 1 mW 
to 15 mW. To the best of our knowledge, no other material has demonstrated such 
a strong nonlinear chiroptical effect. Other materials in the literature and their 
polarization rotation per unit of optical intensity: LiIO3 10
-11  cm W-1;[115] α-
pinene  ≤10-11  cm W-1;[121] sucrose 2×10-11  cm W-1;[118, 121] an anisotropic 
metamaterial 3×10-4   cm W-1.[65] To this extent, we believe that nonlinear optical 
activity can be useful in the development of optical modulation with chiral 
structures for applications in nanophotonic devices for optical switching and 





There is potential to see whether the aforementioned results might be due to 
thermal or electronic characteristics at high beam irradiance. In this respect, 
temporal measurements under circular polarizations using a femtosecond pulsed 
laser at a low repetition rate of 1000 kHz could elucidate these mechanisms. The 
low repetition rate would effectively reduce the temperature mechanisms. The 
above mentioned transitions can most likely be described by the optical Kerr effect 
which induces an effective change in the refractive index at high intensities of the 
metallic structures. In order to test this possibility, terms within the third rank 
tensor of the electric susceptibility could be detected using beam deflection.  
Additionally, a Maker fringe set-up could be used to extract out χ2 terms of 
the chiral metamaterial, thus quantifying the second order terms that give rise to 
the structure’s second order chirality.  
Finally, ceramic plasmonic structures offer the potential to test materials 
under much higher irradiance than silver nanomaterials. With this in mind, similar 
metamaterial structures fabricated from ceramic plasmonic materials such as TiN 
would be interesting to see if such a spectral-shift under large irradiance is present 
and what mechanisms might give rise to this phenomenon.  
 








Preserving Spin States upon Reflection: Linear and 
Nonlinear Responses of a Chiral M eta-M irror 
As presented throughout the earlier parts of this thesis, circular dichroism 
evaluates the difference in absorption of left and right circularly polarized waves 
as it passes through a material. In the previous chapters of this work, the scattering 
light experienced by these planar metamaterial structures was minimal in 
comparison to the light absorbed or reflected. The lack of scattering allowed us to 
equate the transmission to the absorptive qualities of the material. In this chapter, 
we design a metamaterial that demonstrates a chiral asymmetry in a reflective 
manner and deem the material a chiral meta-mirror.  
In this situation, the structure is in fact absorptive to one circular 
polarization and reflective to the other. More specifically, this meta-mirror is 
particularly different from conventional mirrors. In conventional mirrors, the 
handedness of the incident polarization is flipped upon reflection. However in this 
meta-mirror, the handedness of the incident polarization is maintained. This is 
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schematically demonstrated in Figure 6.1, for both handed, or enantiomeric, 
versions of the metamaterial. For example, when a left circularly polarized wave is 
incident on the enantiomer A, the light is absorbed, whereas when a right circularly 
polarized wave is incident, the light is reflected, but with the same handedness. 
The opposite can be said for the other enantiomeric material.   
Chirality is most commonly identified with linear optical characterization 
techniques, however opposing circularly polarized waves can also display the same 
parity as a property of higher order optics. Here, a chiral metamaterial is presented 
that produces both distinguishable linear and nonlinear resonant features when 
probed with left and right circularly polarized incident beams in the visible to near-
infrared regime. The material demonstrates a linear transmission contrast of 0.5 
between left and right circular polarizations and a 20× contrast between second 
harmonic responses from the two incident polarizations. Nonlinear and linear 
response images probed with circularly polarized lights show strongly defined 
contrast. 
In terms of symmetry, chirality is identified as an omnipresent property in 
both the inorganic and organic world. The determination of matter’s chiral 
characteristics provides information about microscopic symmetry, such as the 
secondary structure of large biological molecules, and is crucial in molecular 
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identification and analysis[128]. When two objects have identical scalar physical 
properties, but opposite chiroptical responses, the structures are known as 
enantiomers. These types of materials have electric susceptibilities that respond 
differently to the handedness of the incident light, as the helical form of a circular 
polarized beam is in itself asymmetric. The twist in the polarization of the light is 
caused by the dynamic rotation of the electric and magnetic fields also known as 
the spin angular momentum of light. The direction of the optical torque carried by 
the light is denoted by the spin state as a positive or negative value for left and 
right circular polarized waves respectively. When the helical wave interacts with 
the chiral material, the polarization of the light can be controlled, based on 
chiroptical effects known as optical activity and circular dichroism (CD). However, 
conventional chiroptical devices are hindered by the extremely weak chiral response 
of natural materials. The desire to more efficiently use and control the interaction 
between circular polarizations and chiral media has inspired great interest in 
exploring artificial chiral structures. The modern study of artificial chirality can 
trace its roots back to the 1890s, when Bose’s twisted jute rotated the plane of 
polarization for millimeter waves[129]. Harnessing plasmonic resonances that give 
rise to dramatically enhanced light-matter interaction, the recently emerging field 
of chiral metamaterials opens new opportunities for creating enormous chiroptical 
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responses. By applying an intrinsic design principle, to form resonant architectures 
non-superposable on their own mirror image, researchers have realized a variety of 
chiral metamaterials consisting of two- and three-dimensional meta-atoms, which 
have brought large chiral responses to the nanoscale [28, 35, 40, 41, 105, 130-140]. 
In particular, the remarkably strong chiroptical effects observed in chiral 
metamaterials have been reported to achieve ultra-compact photonic devices, such 
as circular polarizers [28, 35, 40, 132-135], for far-field polarization control of light. 
Owing to their circular-polarization-dependent field concentration, chiral 
metamaterials have also been employed to elicit increased chiral-selective 
nonlinearity [136-140]. Furthermore, by leveraging plasmonic enhanced optical 
chirality in the near-field, chiral nano-architectures have been used as ultrasensitive 
biosensing platforms for CD spectroscopic analysis [10, 141-145]. 
Although chiroptical properties are conventionally defined and 
characterized via transmission measurements, reflective chiroptical responses are 
also found in nature. For instance, the Chrysina gloriosa, a type of jeweled beetle, 
reflects circularly polarized light of the opposite handedness in a different fashion 
due to their structure of extracellular chitin in their exoskeleton[146]. Reflective 
chiroptical responses also can be found in artificial chiral media. For example, 
Zhang, et al, have studied the reflection behavior of chiral sculptured-thin-film 
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mirrors consisting of an array of helical nanowires and observed the circularly 
polarized emission from colloidal nanocrystal quantum dots confined in the 
corresponding micro-cavities[147]. More recently, by providing a proof-of-concept 
demonstration at microwave frequencies, Plum and Zheludev have elucidated the 
intriguing behaviors of metamaterial based chiral mirrors (abbreviated hereafter as 
meta-mirrors)[148]. In stark contrast to conventional mirrors that flip the spin 
state of incident light upon reflection at normal incidence, chiral meta-mirrors 
reflect light of one spin state while strongly absorbing the other. By presenting a 
theoretical analysis, Wang, et al., has revealed that the necessary condition to 
achieve such a meta-mirror is to simultaneously break the n-fold rotational (n > 
2) and mirror symmetry at the unit cell level[149]. The handedness-preserved 
reflection and chiral-selective absorption of meta-mirrors allow for the achievement 
of huge polarization contrast offering potential for applications in polarization 
manipulation and plasmonic enhanced chiroptical analysis. By leveraging chiral 
metamaterials in conjunction with hot-electron physics, unique devices can be 
created like that of the recently reported photodetector selectively sensitive to 
circularly polarized light [150].  
In this paper, we demonstrate a chiral meta-mirror that only requires a 
single layer of electron-beam lithography patterning. Under reflection spectroscopy, 
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the material is designed to demonstrate a sharp resonance for a single circular 
polarization at 880 nm using numerical methods. The experimental measurement 
of the device at this wavelength yields a maximum circular dichroic contrast of 0.5. 
To demonstrate the unique features of the chiral meta-mirror, the two enantiomer 
structures are patterned into the shape of a hand and imaged. The images present 
the unique features of the meta-mirror, both strong absorption and the preservation 
of the incident circularly polarized wave. The meta-mirror also demonstrates chiral-
selective behavior in the nonlinear regime. Producing second harmonic signals at 
varied intensities relative to the linear absorption spectra. With this in mind, 
imaging of the chiral pattern is achieved at the second harmonic wavelength under 
a pump excitation of 880 nm.  
6.1 Designing a Spin M aintaining M aterial 
The unit cell of the metamaterial is shown in Figure 6.1a,b for both 
enantiomers. The material consists of a lower back plane of silver, covered by a 
thin dielectric spacer, and further covered by a patterned gold film. The pattern 
in the unit cell is formed by the superposition of two rectangles offset by a few 
nanometers in opposite directions. The back plane of the silver material is optically 
thick ensuring null transmissivity. The structure provides a spin-state selective 
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resonant cavity. Scanning electron microscope (SEM) images of the fabricated 
structures are shown in Figure 6.1c,d for both enantiomers. This structure breaks 
symmetry conditions of the material, while only having a single patterned layer. 
The structure thus results in dramatically less fabrication, while being able to 
provide similar circular dichroic responses. 
 
Figure 6.1: Schematics and SEM images of the metamaterial based chiral mirror 
for both enantiomers. (a) & (b) Schematic of the enantiomeric unit cells that 
consist of a patterned gold film, which is separated from an optically thick silver 
back plane by a thin Al2O3 spacer. The unit cell of the patterned layer is formed 
from the union of two intersecting rectangles. Geometrical parameters: P = 400 
nm, l = 260 nm, w = 210 nm, v = 25 nm, u = 75 nm, tAu = 50 nm and ts = 145 
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nm. (c) & (d) SEM images of enantiomers A and B of the chiral meta-mirrors. 
Scale bar represents 500 nm. 
 
The responses of the chiral metamaterial were provided using the 
commercial finite integration package CST Microwave Studio. In Figure 6.3a, a 
polarization sensitive reflection band at 850 nm is observed. For enantiomer A 
specifically, left circularly polarized (LCP) light will be absorbed and right 
circularly polarized (RCP) light will be reflected. The material reaches a value of 
up to ~0.8 in terms of a circular dichroic response. The opposite for enantiomer B 
can be seen under LCP and RCP waves, in Figure 6.3c; note that simulations are 
perfectly inverted. To evaluate the polarization behavior of the reflected light, an 
analysis must be done on the light reflected. Figure 6.3b & d demonstrate the 
decomposition of the reflected waves. The power reflection coefficient RLR (RLL) is 
defined as the RCP (LCP) portion of the reflected power from the metamaterial 
when LCP light is incident. The other two reflection coefficients follow the same 
naming methodology. The symmetry of the unit cell provides us with the same 
reflection spectra for both RLR and RRL. [151].  
As expected, most chiral structures demonstrate a phenomena known as the 
magneto cotton effect. This is recognized when the incident LCP and RCP waves 
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cross. This point is often where the largest optical rotation is observed, though it 
was not evaluated in this experiment. Below this point, another absorption dip is 
recognized at 750 nm. Here the light which is absorbed is opposite that from the 
light that is reflected at the 880 nm absorption dip.  
.  
 
Figure 6.2: Schematics of the reflection behavior of the meta-mirror and a regular 
mirror. A meta-mirror composed of enantiomer A (B) reflects RCP (LCP) incident 
light and absorbs the entire LCP (RCP) component. The reflected light from the 
meta-mirror will preserve its initial state of circular polarization. For a regular 
mirror, the circularly polarized light will flip its circular polarization upon reflection 
at normal incidence. 
 
We emphasize that, in addition to the chiral-selective absorption, there is a 
fundamental difference between our meta-mirror and a regular metallic mirror. It 
is known that, for ordinary reflective surfaces, including metallic mirrors, the 
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circularly polarized light will flip its spin state upon reflection (Figure 6.2e). In this 
case, the reflected light from a regular mirror contains no component of the input 
polarization and only contains light of the opposite spin, i.e., RLR = RRL = 100% 
and RRR = RLL = 0%. In sharp contrast, the reflected light from the meta-mirror 
will preserve its initial state of circular polarization. This reflection behavior can 
be attributed to the tailored light-matter interaction between the circular 
polarization states and the meta-mirror. This is made evident from the distribution 
of the electric field cut in a plane 50 nm beneath the patterned Au layer of both 
enantiomers, as shown in Figure 6.2f-i. Corresponding to the resonance dip 
identified in Figure 6.2a,c, pronounced circular-polarization-dependent field 
enhancement is seen at 852 nm in enantiomer A and B for incidence of LCP and 
RCP waves, respectively, which foreshadows the resonance enhanced chiral-




Figure 6.3: Simulated linear chiroptical responses of both enantiomers. (a) Total 
reflection spectra of enantiomer A under LCP and RCP illumination, respectively. 
(b) The corresponding reflection spectra of the co- and cross-polarization 
components. (c) & (d) Graphics of the counterparts for enantiomer B. A chiral 
selective reflection band around 850 nm can be identified. (e)& (f) The electric field 
distributions cut from a plane 50 nm beneath the Au layer of enantiomer A at the resonance 
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wavelength of 852 nm. (g) & (h) The electric field distributions of enantiomer B at 852 
nm. 
6.2  Analysis of Spin States from a Chiral M eta-mirror 
To obtain reflection coefficients from the meta-mirror, we illuminated the 
sample with circularly polarized waves and analyzed the reflected light from the 
fabricated samples of both enantiomers. The measured results are shown in Figure 
6.3 and all spectra were normalized to that of an unpatterned substrate. As 
illustrated in Figure 6.3a, a sharp reflection dip is observed at a wavelength around 
880 nm for a LCP wave impinging upon enantiomer A, in comparison to the high 
reflectivity seen at the same band for RCP illumination. An additional pronounced 
but flipped circular dichroic contrast is seen in the wavelength range between 750 
nm and 830 nm. When a circular polarized wave is incident on the sample, it is of 
interest to know whether the reflected beam maintains the input spin state or is 
flipped. The analysis of this is shown in Figure 6.3b. Analogously to the simulation, 
the metamaterial selectively absorbs one circular polarization and preserves spin 
state of the other. Furthermore, enantiomer B exhibits complementary chiral 
reflective behaviors, as indicated in Figure 6.3c and Figure 6.3d. The measured 
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data are in good agreement with the simulations shown in Figure 6.2, and the 
slight discrepancies most likely arise from fabrication imperfections.  
 
Figure 6.4: Measured linear chiroptical responses of both enantiomers. (a) 
Reflection spectra of enantiomer A under LCP and RCP illumination. (b) The 
corresponding reflection spectra of the co- and cross-polarized components. (c) 
Reflection spectra of enantiomer B under LCP and RCP illumination, respectively. 
(d) The corresponding reflection spectra of the co- and cross-polarization 
components for enantiomer B. Representative images of the corresponding samples 




To better visualize the chiral selective absorption and the preserved circular 
polarization in our meta-mirrors, we created a pattern of a human hand using the 
enantiomeric unit cells and observe the images under select polarizations. Figure 
6.4a depicts the configuration of the fabricated sample, in which enantiomer A and 
B were employed to form the exterior and interior regions of the hand. On the 
exterior of the pattern, a gold layer was left unpatterned to serve as a regular 
mirror in the background. According to the measured linear spectra (Figure 6.3), 
the wavelengths of incident light were selected to be in the range from 850 to 910 
nm to optimize the image contrast. The hand pattern was then illuminated by 
LCP, linearly polarized, and RCP light, then collected with an objective and 
illustrated in Figure 4b-d, respectively. As evidenced by the figure, the hand 
pattern is only visible under circularly polarized illumination. In particular, a 
bright (dark) hand stands out from a dark (bright) background under LCP (RCP) 
incidence, which is due to the complementary reflection characteristics of 
enantiomer A and B under circularly polarized illumination as shown in Figure 6.3 
from 850 to 910 nm. Essentially, the images presented in Figure 4b-d embody the 
reflection behavior discussed in Figure 6.3a,c, i.e., the chiral-selective reflection of 
both enantiomers. Additionally, it should be noted that switching the spin state of 
the incident light reverses the contrast of the images. On the contrary, as shown 
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in Figure 6.4c, linearly or randomly polarized incidence is unable to distinguish the 
enantiomeric characteristics of the pattern and cannot produce recognizable images 
of the sample, because such input contains equal amounts of the two circular 
polarization components.  
6.3  Visualizing Spin-Selective Preservation and Absorption  
As we have stressed earlier, a regular mirror will flip the incident circular 
polarization to the opposite handedness, while a chiral meta-mirror preserves the 
circular state of polarization upon reflection. This drastic contrast can be visualized 
when we collect the images of the entire meta-pattern, including the unpatterned 
metallic surface in the surrounding area, after a circular polarization analyzer (Figs. 
6.4e - 6.4g). The images serve as a visual presentation of the circular polarization 
preservation characteristic of the meta-mirror upon reflection that is observed in 
Figure 6.3b,d, after circular polarization analysis. As demonstrated in Figure 6.4e,f, 
for LCP incident light, a bright hand against a dark surrounding area can be seen 
with a LCP analyzer, while, the entire metamaterial pattern becomes dark when a 
RCP analyzer is applied. The contrast between the two enantiomers is even 
stronger when analyzed by circular polarization. Furthermore, the imaging 
behavior completely inverts when a RCP wave impinges upon the sample, i.e., a 
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dark hand stands out with a bright background with a RCP analyzer implemented 
(Figure 6.4g), while an image identical to Figure 6.4f will be produced with a LCP 
analyzer inserted (not shown). These results comprehensively visualize the chiral-
selective absorption and the circular polarization preservation properties of our 
meta-mirrors. It is even more intriguing to compare these behaviors with the 
imaging property of a regular mirror, here seen as the unpatterned area around the 
meta-mirror pattern. It can be seen that, the regular mirror will be dark (bright) 
when the incident light has the same (opposite) spin state as the circular analyzer 
(Figure 6.4e-g). In comparison, in the absence of the analyzers, the regular mirror 
is always bright (Figure 6.4b-d). This is consistent with the discussion above: an 
ordinary mirror flips the incoming circular polarization into the opposite one, while 






Figure 6.5: Visualization of the chiral selective absorption and the circular 
polarization preservation of the meta-mirrors. (a) Schematic of the created hand 
pattern. The exterior and interior regions of the hand are formed by enantiomer A 
and B, respectively. The metamaterial pattern is surrounded by unpatented metal, 
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serving as a regular mirror in the background. (b-d) Microscopic images of the 
fabricated metamaterials illuminated by LCP, linear/random polarized and RCP 
waves, respectively. (e-g) Corresponding images taken with a circular polarization 
analyzer, when the pattern is illuminated by both circular polarizations. In the case 
of RCP illumination with the LCP analyzer, an image identical to Figure 6.4(f) is 
produced. 
6.4 Generating chiral-responsive nonlinear signals 
Beyond the chiroptical response in the linear regime, the strong resonances 
including the handedness-sensitive field concentration observed in the meta-mirror 
is expected to significantly increase chiral-selective optical nonlinearity. Therefore, 
we have conducted nonlinear chiroptical measurements. In the experiment, we 
excite the meta-mirror samples of both enantiomers with a circularly polarized 
ultrafast laser and collect the generated nonlinear optical signals in the reflection 
direction. The corresponding nonlinear spectra when the metamaterial is pumped 
at a series of excitation wavelengths with a constant intensity are shown in Figure 
6.5a,b. For most excitation wavelengths, a sharp peak can be identified in the 
generated nonlinear spectrum at the frequency-doubled wavelength. More 
importantly, this second harmonic generation (SHG) signal is closely dependent on 
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the spin state of the pump light and the enantiomeric properties of the meta-
mirror. Furthermore, for excitation at shorter wavelengths (e.g. 740 nm), the SHG 




Figure 6.6: Chiral-selective nonlinear responses from both enantiomers. (a) 
Nonlinear spectra of enantiomer A under LCP and RCP excitations, respectively, 
at a series of excitation wavelengths of constant intensity. (b) Depictions of the 
counterparts for enantiomer B. 
By integrating the signal in the frequency-doubled peaks of Figure 6.5a,b, 
we obtain the SHG excitation spectrum of both enantiomers pumped by circular 
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polarized waves, as shown in Figure 6.5c,d. The resonance behavior of the SHG 
efficiency in the meta-mirror is evident, recalling the linear chiroptical response 
shown in Figure 6.3. For instance, the SHG excitation spectrum of enantiomer A 
under LCP and RCP excitation peaks at a fundamental wavelength (ω) around 
770 nm and 850 nm, respectively, which is correlated to the linear reflection 
behavior shown in Figure 6.3a. Moreover, a SHG efficiency contrast larger than 3 
(4) is observed at ω ~760 nm between RCP (LCP) and LCP (RCP) beams 
incident on enantiomer A (B). To better elucidate the chiral-selective nonlinearity 
of the meta-mirror, second harmonic generation circular dichroism (SHG-CD) is 





𝐿𝐶𝑃), is plotted in Figure 6.5e for both enantiomers. A 
remarkably large harmonic optical activity is observed at the two resonances. In 
particular, a near unity SHG-CD value of enantiomer A is found at ω around 770 
nm, at where enantiomer B experiences a SHG-CD value of approximately 1, 
while, at ω around 850 nm, enantiomer A and B have a SHG-CD value of roughly 
0.5 and 1, respectively. These results reveal that second harmonic excitation can 





Figure 6.7: SHG excitation spectra for enantiomer (a) A and (b) B. The empty 
circles represent the measured results, and the solid curves serve to guide the eye. 





of both enantiomers. 
To investigate the potential of the meta-mirror for nonlinear imaging, we 
pump the patterned hand with a circularly polarized ultrafast wave at two 
fundamental wavelengths, i.e., 770 nm and 850 nm, where the SHG-CD signal 
peaks and acquire the nonlinear images formed by the generated nonlinear signals. 
As illustrated in Figure 6.6a, a bright hand in a dark background is clearly observed 
in the second-harmonic image of the sample under a LCP excitation at ω = 770 
nm, while Figure 6.6b indicates that the image brightness of the interior and 
exterior area of the hand reverses when the handedness of the excitation is switched 
to RCP. This observation is in accord with the chiral-selective SHG efficiency of 
the two enantiomers illustrated in Figure 6.5c,d. Importantly, compared with the 
linear images shown in Figure 6.4, a dramatically improved contrast is identified 
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from these SHG images. Moreover, the unpatterned section surrounding the 
metamaterial area is invariably dark due to the much lower SHG efficiency of the 
flat surface. By implementing a point-by-point calculation of the SHG-CD with 
photon counts recovered from both Figure 6.6a and Figure 6.6b, we obtain the 
corresponding SHG-CD image of the metamaterial pattern, as shown in Figure 
6.6c. It can be seen that, owing to the enantioselectivity of the SHG signal 
generated from the metamaterial pattern, the SHG-CD image provides significantly 
improved contrast compared to those seen in Figure 6a,b. In addition, the SHG 
images of the sample pumped by a circularly polarized wave at ω = 850 nm are 
depicted in Figure 6.6d,e. A dark (bright) hand can be recognized from the bright 
(dark) background when excited by LCP (RCP) laser light, although the overall 
moderate contrast of the two images is constrained by the SHG efficiency at ω = 
850 nm. Nevertheless, the corresponding SHG-CD image shown in Figure 6.6f 
presents well-resolved details of the metamaterial pattern, which again clearly 
demonstrates the ability provided by the SHG-CD equation in visualizing the 
chirality of the metamaterial nanostructures. We notice that a round-shaped dark 
area is observed in Figure 6.6c. This is attributed to the signal of the fundamental 
beam reflected by the regular mirror area that was not completely eliminated by 
the short-pass filter implemented. Nevertheless, possessing a value of SHG-CD 
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close to zero, it has less influence on the visibility and contrast of the pattern’s 
SHG-CD image. No such round dark area is found in Figure 6f, because of the 
much lower transmission rate of the filter at ω = 850 nm. 
 
Figure 6.8: Nonlinear imaging of the chiral meta-mirror. (a) & (b) Nonlinear 
images of the hand pattern under LCP and RCP excitation, respectively, at a 
fundamental wavelength of 770 nm. (c) SHG-CD image obtained from Figure 
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6.6a,b. (d) & (e) Nonlinear images of the pattern under circularly polarized 
excitation at 850 nm. (f) The corresponding SHG-CD image is obtained from 
Figure 6.6(d) and (e). The scale bars represent 20 µm.  
 
Figure 6.9: Creating a chiral mirror from a 3D chiral metamaterial. 
 
The design of the chiral meta-mirror does not deviate much from the original 
chiral structures presented in earlier chapters. As seen in Figure 6.9, our highly 
chiral, transmissive metamaterial utilize two layers to achieve a high degree of 
chirality.  If we then divide the structure by two and replace the lower layer with 
a reflective surface, we have utilized a single patterned layer to sculpt the electric 
field as though it were passing through a 3D structure. 
In conclusion, we have designed and fabricated a metamaterial-based chiral 
mirror with giant chiroptical responses in both the linear and nonlinear regimes. 
Compared with regular (e.g. metallic) mirrors, there are two prominent features of 
the meta-mirror that have been identified, namely the strong chiral-selective 
145 
 
absorption and the handedness-preserved reflection from the surface. In addition, 
chiral resonance tailored nonlinear generation and second harmonic signal based 
imaging are observed in the meta-mirror under circularly polarized ultrafast 
excitations. Only requiring a single patterned layer, our design is more fabrication-
friendly as compared with many of the most efficient chiral metamaterials that 
require genuinely three-dimensional building blocks. Moreover, the unpatterned 
back plane may allow for easier integration of various constituent materials as the 
core of the three-layer metamaterial, which, along with the topologically 
continuous structures of the design, may enable chiroptical responses that can be 







CHAPTER VII.  
Conclusions and Outlook 
Chiral structures architected on the nano-scale are the basis for the 
handedness-dependent optical phenomena derived in this thesis. Specifically the 
structures presented here are both asymmetric and three-dimensional. The lack of 
centrosymmetry present within these structures presented opportunities to 
instigate both wave mixing and self-focusing processes. The majority of the 
nonlinear, chiral responsive optical phenomena witnessed in this thesis took a 
spectroscopic form similar to that of the chiroptical responses witnessed in the 
linear regime. Nonlinear chiral responses offer the unique ability to take the existing 
contrast recognized in the linear domain and are able to enhance it significantly. 
Continued research may show that the nonlinear signals may offer contrast that 
exceeds those presented in the preceding chapters. These engineered chiral 
materials may offer potential applications for molecular sensing, realizing unique 
chiral enabled properties like negative refraction, enhanced self-limiting processes, 
or non-reciprocal interactions. The following sections will briefly highlight the 





Figure 7.1: An overview detailing the enhanced contrast from nonlinear 
responses of a pair of chiral nanoarc metamaterials. When right circularly 
polarized (RCP) light is incident on the metamaterial a second harmonic 
response is generated that is 20x that of the LCP. Complementarily, enantiomer 
B produces a strong response for the opposite circular polarization. The same 
two enantiomers make up an array of a metamaterial structure, where the GT 
is filled with enantiomer B and the exterior enantiomer A. SHG-CD is the 
normalized circular dichroic contrast generated by the second harmonic signal. 
 
 Chapter 3 sought to increase the circular dichroic contrast of two circular 
polarizations in the visible regime and further explore the nonlinear responses that 
arose from these structures.  A brief overview of what was achieved in chapter 3 is 
presented in Figure 7.1. The second harmonic signal produced immense contrast 
148 
 
between the two circular polarizations at the metamaterials resonant wavelength 
of 800 nm. This enormous contrast, roughly 20x, can be seen in the imaging 
demonstration, where the light emitted from one enantiomer under RCP 
illumination is nearly zero compared to the brightness of the other enantiomer. As 
we move away from the resonant wavelength the contrast fades off. At times, the 
nonlinear response incurs a slight broadening and shift compared to that of the 
linear transmittance. This effect can be witnessed in the second harmonic response 
as dampening of the incident light in the metamaterial structure can occur, thereby 






Figure 7.2: Scheme for extracting circular dichroic response via a luminescent 
signal. (a) Wavelengths distributed between 750 and 950 nm are incident on a 
set of quantum dots. The high intensity beam causes the QD’s to absorb two 
photons at this long wavelength and luminesce at its emission wavelength of 640 
nm. This is a well-known process known as two-photon luminescence. (b) The 
QDs are injected into the chiral hot spots of the chiral nanoarcs. (c) The chiral 
metamaterial has a large circular dichroic response at 640 nm, where CD is the 
difference between transmission of left and right circularly polarized beams. (d) 
The enhanced signal contrast generated from the quantum dots embedded in the 
chiral metamaterial structure.   
 Chapter 4 sought to access the chiral hotspots of our twisted arc 
metamaterial to produce enhanced, nonlinear responses from an achiral emitter. A 
brief overview of what was achieved in chapter 4 is presented in Figure 7.2. In the 
linear regime, the contrast between the circular polarizations is roughly 3x. Then, 
when exciting the quantum dots with a femtosecond pulsed laser we were able to 
instigate a nonlinear wave mixing process known as two-photon luminescence 
(TPL). When comparing the TPL from the chiral arcs compared to that of the 
TPL from the quantum dots on a bare substrate, the TPL signal was enhanced up 
to 44x at the resonant wavelength of the chiral arcs. Moreover, the chiral-selective 
behavior witnessed in the linear regime was carried over to that of the nonlinear 
regime. This experiment demonstrated that the overall chiral-selective behavior of 
a chiral metamaterial could be recovered from the emission of an achiral-emitter 
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placed in the vicinity of the hot spots of the structure. This further emphasizes 
that chiral metamaterials have a strong veracity for applications in the sensing 
field. We hope that this work pushes forward this realization of using chiral 
metamaterials for sensing purposes. However, these materials also hold potential 
for applications in optical signaling or detection devices for communications, 
characterization techniques, and optical components as well. 
 
 
Figure 7.3: Overview of nonlinear optical activity. (a) Change in transmission 
through the chiral metamaterial as power is increased from 0.5 mW to 15 mW. (b) 
Depiction of nonlinear optical activity. The input polarization is at 135°. The light 
rotates 13° clockwise upon transmission through the metamaterial. Upon excitation 
with a 15 mW average power, femtosecond pulsed laser source the transmitted 





 Chapter 5 presented a second form of a chiral metamaterial that exhibits 
strong chiroptical responses in both the linear and nonlinear regimes. A brief 
overview of what was achieved in chapter 5 is presented in Figure 7.3. The 
metamaterial bares a circular dichroic response of 0.58 and a maximum optical 
rotation of 2.3106 ° cm-1. In the nonlinear regime, we show a spectral blue-shift of 
10 nm over the entire resonance spectrum of our chiral metamaterial in response 
to a power change of 15 mW. This phenomenon is most likely attributed to thermal 
self-action of the metamaterial. To better understand these effects, a detailed 
theoretical analysis that is beyond the scope of this work would be desired. A 
change in optical rotation of 1.76×102 ° cm W-1 is achieved when the incident 
power is increased from 1 mW to 15 mW. To the best of our knowledge, no other 
material has demonstrated such a strong nonlinear chiroptical effect. Other 
materials in the literature and their polarization rotation per unit of optical 
intensity: LiIO3 10
-11  cm W-1;[115] α-pinene  ≤10-11  cm W-1;[121] sucrose 2×10-
11 
 cm W-1;[118, 121] an anisotropic metamaterial 3×10-4   cm W-1.[65] To this 
extent, we believe that nonlinear optical activity can be useful in the development 
of optical modulation with chiral structures for applications in nanophotonic 
devices for optical switching and communications.  
 There is potential to see whether the aforementioned results might be due 
to thermal or electronic characteristics at high beam irradiance. In this respect, 
temporal measurements under circular polarizations using a femtosecond pulsed 
laser at a low repetition rate of 1000 kHz could elucidate these mechanisms. The 
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low repetition rate would effectively reduce the temperature mechanisms. The 
above mentioned transitions may have potential to be induced by the optical Kerr 
effect which prompts an effective change in the refractive index at high intensities 
of the metallic structures. In order to test this possibility, terms within the third 
rank tensor of the electric susceptibility could be detected using beam deflection.  
Additionally, a Maker fringe set-up could be used to extract out χ(2) terms of the 
chiral metamaterial, thus quantifying the second order terms that give rise to the 
structure’s second order chirality. Finally, ceramic plasmonic structures offer the 
potential to test materials under much higher irradiance than silver nanomaterials. 
With this in mind, similar metamaterial structures fabricated from ceramic 
plasmonic materials such as TiN would be interesting to see if such a spectral-shift 






Figure 7.4: Chiral meta-mirror. (a) Schematic of how a conventional mirror 
interacts with circularly polarized light in comparison to the envision chiral meta-
mirror. (b) Scanning-electron micrographs of the fabricated chiral mirror. Both 
enantiomer structures are utilized to pattern the shape of a hand, which is its 
geometrically chiral. (c) Decomposition of the reflected light from both 
stereoisomers of the meta-mirror. (d) Imaging of the patterned chiral meta-mirrors 
under circularly polarized illumination and circularly polarized analysis.  
 
 Chapter 6 demonstrated the design and fabrication of a metamaterial-based 
chiral mirror with giant chiroptical responses in both the linear and nonlinear 
regimes. A brief overview of what was achieved in chapter 6 is presented in Figure 
7.4. Compared with regular (e.g. metallic) mirrors, there are two prominent 
features of the meta-mirror that have been identified, namely the strong chiral-
selective absorption and the handedness-preserved reflection from the surface. In 
addition, chiral resonance tailored nonlinear generation and second harmonic signal 
based imaging are observed in the meta-mirror under circularly polarized ultrafast 
excitations. As this metamaterial only requires a single layer to be patterned, the 
design is more fabrication-friendly compared with most efficient chiral 
metamaterials that require three-dimensional building blocks. Moreover, the 
unpatterned back plane may allow for easier integration of various constituent 
materials as the core of the three-layer metamaterial, which, along with the 
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topologically continuous structures of the design, may enable chiroptical responses 
that can be purposely tuned by external stimuli, such as an electric field. 
 While this thesis was being developed, an enormous of breakthroughs were 
being achieved in the realms of big data (data science), machine learning, and 
augmented and virtual reality. As such, in order to advance the field of materials, 
the Air Force Research Labs was interested in pursuing data science applied 
research in the field of optical metamaterials. As such, I have worked on several 
projects related to data science applications in chiral metamaterials, and the 
simulation of an Ising model using both a generative adversarial network (GAN) 
and a deep convolutional network.[153]  
Alternative Chiroptical Measurements  
 The future of this research will look to utilize secondary methods to measure 
chirality through well-established topics such as Rayleigh optical activity, which 
utilizes the scattered light to measure chirality. With this technique susceptibility 
tensor components can be measured. Other techniques that might be useful in 
extracting chiral information include circularly polarized luminescence (CPL) and 
fluorescence detected spectroscopy (FDCD). While CPL describes chirality as 
experienced in the excited state, FDCD describes chirality as experienced in the 
ground state.[154] The technique is useful in the description of chirality as it 
provides a secondary method of extracting information. These techniques provide 
similar information to circular dichroism and optical rotation but provide a 
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different method to extract the information, which could be crucial to unlocking 
future applications of hybrid metamaterials.  
Handedness-selective directionality  
 To a similar effect, the field of chiral quantum optics has been growing over 
the past several years. On a simplistic level, as described by Lodahl et. al., chirality 
offers a non-reciprocal opportunity to control the emission of light from quantum 
emitters. The systems described by Lodahl are non-reciprocal in that, “forward- 
and backward-propagating photons interact differently with the emitter,” to an 
extreme case in that the emission and or absorption is unidirectional.[155] In these 
systems, the coupling of light is dependent on the polarization of the input light 
and the polarization-dependent transition of the dipole moment of the emitter. 
Similar spin-selective effects have been recognized in thin films of TMD’s.[156, 157]  
 Diverging slightly from this field of study we could look to Thomas Zentgraf 
at the University of Paderborn, Shuang Zhang’s research at the University of 
Birmingham, and Xianzhong Chen at Heriot-Watt University, where chiral 
metasurfaces are used to produce holographic images that transmit different 
images.[158, 159] This is known as polarization resolved-multiplexing. These 
materials have similar polarization-dependent coupling interactions that have also 
been used for optical memory systems in the early 1970’s. If we look to the Faraon 
group at the California Institute of Technology, they have produced similar effects 
using angle-resolved multiplexing.[160] 
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Active & Switchable Metamaterials 
 Chirality by nature is Boolean and causes an instinctive desire to try and 
create a single metamaterial structure that could provide bother enantiomeric 
responses. In this case, using only a single circular polarization as incidence, but 
creating a different response based on the material properties. However, optical 
activity tends to stem from the configurational structure of that material. For this 
reason, in order to generate an optically active signal from a structure, the 
structure should be engineered such that it has a mirror image that cannot be 
superposed onto itself. To this end, the structure must be reconfigurable or utilize 
a property that would disengage the resonance of the structure. To achieve this 
there exist opportunities to utilize semiconductor materials that provide active gain 
and thereby modify their refractive index.[161-163] Other opportunities could 
actively modulate the refractive index via hot-electron dynamics, with practical 
applications in ultra-fast dynamics.[164]  
 Active or switchable metamaterials can also be achieved by tuning the 
optical response through a nonlinear optical process. The literature since the early 
1960’s has found methods to induce second-harmonic generation via a four wave 
mixing process known as Electric-Field Induced Second Harmonic Generation 
(EFISH).[165] Since this demonstration, metamaterials have offered a novel route 
to provide this EFISH signal by providing electrical connections to these nano-
composites.[166-169] In addition, these structures provide an opportune location to 
apply an enormous capacitance across dielectric gaps only 10’s of nanometers in 
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thickness. However, EFISH is not the only opportunity to realize nonlinear optical 
processes that allow for the optoelectronic functionality. Other processes known as 
photon-dragging,[125] and the plasmoelectric potential effect,[170] and optical 
rectification[166] have been demonstrated in metamaterial devices.  
All-Dielectric Metasurfaces 
 All-dielectric metamaterials have demonstrated the potential to create 
resonant responses without the need of noble metals and therefore plasmonic 
coupling. While some chiral metamaterials like the chiral nanoarcs presented 
previously, heavily rely on a magnetic resonance in order to produce a dip in the 
transmission spectra, the opportunity still exists in alternative dielectric materials 
to utilize these and other methods to induce these handedness-dependent responses. 
All dielectric metamaterials have been utilized for three dimensional topological 
insulators,[171] metasurfaces for polarization control,[172] and ultrafast all-optical 
tuning.[173] The internal mechanism in the majority of these devices is based on 
Mie scattering, in comparison to metamaterials composed of noble metals with 
large free electron deposits. Employing the Mie scatting of artificial dielectric 
metamaterials, both electronic and magnetic chiral dipole moments may be 
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